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ABSTRACT  
   
    This thesis describes the studies for two groups of molecules in the gas-phase: 
(a) copper monofluoride (CuF) and copper hydroxide (CuOH); (b) thorium 
monoxide (ThO) and tungsten carbide (WC). Copper-containing molecules 
(Group a) are selected to investigate the ionic bonding in transition metal-
containing molecules because they have a relatively simple electronic state 
distribution due to the nearly filled 3d-orbital. ThO and WC (Group b) are in 
support of particle physics for the determination of electron electric dipole 
moment (eEDM), de, the existence of which indicates new physics beyond the 
Standard Model. The determination of the tiny eEDM requires large electric fields 
applied to the electron. The 
31 states for heavy polar molecules were proposed [E. 
R. Meyer, J. L. Bohn, and M. P. Deskevich, Phys. Rev. A 73, 062108 (2006)] to 
determine de with the following attractive features: (1) large electric dipole 
moments; (2) large internal electric fields, Eeff, experienced by valence electrons; 
(3) nearly degenerate -doublets; (4) extremely small magnetic dipole moments. 
The H
31 state for ThO and the X
31 state for WC are both good candidates. 
Spectroscopic parameters (i.e. molecular electric and magnetic dipole moments, 
-doubling parameters, etc) are required for the 31 states of ThO and WC. 
   High resolution optical spectra (linewidth ~50 MHz) of CuF, CuOH, ThO and 
WC were recorded field-free and in the presence of a static electric field (or 
magnetic field) using laser ablation source/supersonic expansion and laser 
induced fluorescence (LIF) detection. The spectra were modeled by a zero-field 
effective Hamiltonian operator and a Stark (or Zeeman) Hamiltonian operator 
  ii 
with various molecular parameters. The determined molecular parameters are 
compared to theoretical predictions. The small -doubling parameter was well 
determined using the pump/probe microwave optical double resonance 
(PPMODR) technique with a much higher resolution (linewidth ~60 kHz) than 
optical spectroscopy. 
   In addition to the above mentioned studies of the two groups of molecules, a 
resonance enhanced multi-photon ionization (REMPI) combined with a time-of-
flight mass spectrometer (TOFMS) has been developed to identify the molecules 
responsible for observed LIF signals. The operation of this spectrometer has been 
tested by recording the mass spectrum of Ti/O2 and the REMPI spectrum for TiO 
using a two-color excitation scheme. 
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Chapter 1 
INTRODUCTION 
1.1 A brief history of quantum chemistry  
    Quantum chemistry is the application of quantum mechanics theory in 
chemistry. It is important to put the spectroscopic studies reported here in context 
to the more general field of quantum mechanics. The significant events of 
historical background of quantum mechanics are listed in Table 1.1 [1]. Light was 
known to be an electromagnetic wave as far back as the 19th century. The wave 
nature of light was proved by observing the diffraction and interference in the 
famous double-slit experiment. In 1900, Planck assumed that the energy of light 
consisted of small units, "quanta" by modeling blackbody radiation curve. This is 
considered as the beginning of quantum mechanics. A blackbody is a physical 
object that absorbs all light falling on it. For example, the sun is an approximately 
blackbody with peak emission in the visible range. One good approximation to a 
blackbody in the laboratory is a heated cavity with a small hole. A famous problem 
about blackbody radiation is the "ultraviolet catastrophe". The intensity of the 
radiation is proportional to the square of the frequency according to the 
Rayleigh-Jeans law. Thus, the peak of the blackbody radiation curve moves to 
higher frequency with increasing temperature. This means the intensity of 
radiation is unlimited as the frequency goes higher and higher (ultraviolet range). 
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This is impossible since the experimental blackbody curve disagrees with this 
prediction. Max Planck solved this problem by assuming that the electromagnetic 
radiation is in quantized energy proportional to the frequency. Planck's constant, h, 
was determined by matching the theory with the experimental blackbody radiation 
curve. In an effort to explain the photoelectron effect, Einstein proposed that light 
was composed of photons, each having an energy, E=hv (h is the Planck's constant 
and v is the frequency of the light), based on Planck's energy quantization 
assumption in 1905.  
   The photoelectron is the electron emitted from matter (metal) when the energy 
of light is absorbed. If the energy of light is not quantized, the energy absorption 
should be dependent on the intensity of the light. However, it was observed that the 
energy absorption depended only on the frequency of light, rather than the 
intensity of the light. The photoelectron effect confirmed Planck's assumption that 
the energy of light is quantized. In 1913, Niels Bohr modeled the emission lines of 
H-atom using the concept of quantized energy. He was awarded the Nobel Prize in 
physics in 1921 for this work. The time between 1900 and 1925 is referred as the 
old era of quantum theory. Heisenberg, Born, and Jordan formulated modern 
quantum mechanics using matrices (matrix mechanics) beginning in 1925. 
Schrödinger formulated the wave mechanics version using differential equations in 
1926 and he proved that wave mechanics was equivalent to matrix mechanics.  
3 
   Quantum mechanics incorporates the phenomena of energy quantization of 
light, wave-particle duality, and the uncertainty principle. These phenomena 
cannot be explained by classical mechanics. The wave-particle duality of electron 
was postulated by Louis de Broglie in 1924. He claimed that all matter had a 
wave-like nature. The wavelength (λ) is determined by the momentum ( p mv= ) 
with the following expression: 
h
p
λ =
                              
 (1.1). 
Based on the wave-particle duality, Heisenberg proposed the uncertainty principle 
in 1927. Uncertainty principle describes that the measurement of a system will 
result in a disturbance of that system. It is a fundamental property for quantum 
system.  
   Most of our understanding of modern physics and chemistry comes from the 
theory of quantum mechanics. The discoveries of the laws of quantum mechanics 
actually were led by modeling the observed unknown lines in the spectra recorded 
in the early days, which is now called spectroscopy. 
1.2 Spectroscopy 
   Spectroscopy [2] began earlier than quantum mechanics. The development of 
modern quantum mechanics was greatly motivated by the desire to model and 
predict the spectra of molecules. In 1853, Anders Ångström presented some of the 
lines in the spectrum of an electric spark from metal electrodes. He explained that 
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the spectrum was the emission lines of particular substances in the spark. In 
addition, he found the visible lines for hydrogen and measured their wavelengths 
accurately. Thus, Ångström is a pioneer of modern spectroscopy. In a sufficiently 
intense radiation field, atoms and molecules will absorb photons. Then the 
emission or absorption spectra can be recorded. The emission and absorption 
spectra (i.e. frequency, peak intensity, and line-shapes) of molecules provide 
valuable structural information of the molecules. For example, the bond lengths 
and bond angles, interaction of spin of the electron and orbital angular momentum, 
and even the hyperfine interaction involving the non-zero nuclear spin can be 
extracted from the analysis of the spectra of molecules. In addition to the great 
contribution for obtaining fundamental properties of molecules, spectroscopy is an 
invaluable tool in numerous other areas of science, such as astronomy. The field of 
astrochemistry focuses on the physical and chemical composition of the interstellar 
medium, which represent the starting material for the formation of stars and 
planetary systems. Molecules in the universe are identified and their surrounding 
chemical environment are obtained by analyzing the spectra observed in space 
with the aid of laboratory spectra [3]. Many molecules in space (i.e. C5, C2H2, +3H ) 
[4, 5, 6], have already been detected, which has provided great insight into the 
chemical evolution of interstellar media.  
   In reality, spectroscopy was not so useful until the discovery of the laser. In the 
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early days, spectroscopy used discharge lamps as light source. A dispersing 
element, such as prism or diffraction grating, was used to select a specific 
frequency. Although it is useful for the determination of ionization energy and the 
mapping of the electronic and vibrational transition, the resolution, in general, is 
too low (~500 GHz) to probe the rotational structure. This situation was changed in 
1960, when Maiman developed the first functioning laser [7]. A laser is an ideal 
light source for spectroscopy [ 8 ] due to its brightness, mono-chromaticity, 
directionality, and well-characterized polarization. Now the spectra can be 
obtained by scanning the laser frequency directly. In addition, the spectra recorded 
using lasers as light sources has much higher resolution compared with that 
obtained using the discharge lamp as the light source. More information of the 
molecules is obtained as a result of having greater resolution, such as the rotational, 
fine and hyperfine structure. The visible spectrum recorded with the most 
primitive laser technique has a resolution of approximate 30 GHz due to the 
Doppler width. This resolution can be improved by decreasing the effect of 
Doppler broadening and by using narrow band single-mode lasers with very small 
spectral line-width (< 1 kHz).  
   There are various laser-based spectroscopic techniques, such as the optical 
spectroscopy with laser-induced fluorescence (LIF) detection, pump/probe 
microwave optical double resonance (PPMODR), resonance-enhanced 
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multi-photon ionization (REMPI), laser magnetic resonance [9], photoelectron 
spectroscopy [10] and cavity ring-down laser absorption spectroscopy [11]. Here 
the studies employed optical spectroscopy with LIF detection and PPMODR 
technique. The PPMODR technique takes the advantage of optical spectroscopy 
and microwave spectroscopy. It combines the high sensitivity of optical 
spectroscopy with the super-high resolution (~60 kHz) of microwave spectroscopy. 
Also described here is my effort in constructing and implementing a 
resonance-enhanced multi-photon ionization combined with time-of-flight mass 
spectrometer (REMPI-TOFMS).  
1.3 Motivation 
   This thesis focuses on the spectroscopic study of transition metal-containing 
diatomic and triatomic molecules in the gas-phase. Transition metals play an 
important role in many fields, such as catalysis [12], organometallics [13], 
superconductivity [14], surface science [15], and astrophysics [16]. The special 
chemistry of transition metals is due to the partially filled d and/or f orbital, which 
are involved in formation of the chemical bond. The study on electronic structure 
of transition metal-containing molecules attracts many scientists. Harrison [17] 
reviewed the electronic structure for diatomic molecules composed of the first-row 
transition metal and main group element (H-F) in 2000. In this review, the 
predicted electronic structure of transition metal-containing molecules is 
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interpreted by a set of molecular parameters for the electronic state, including bond 
length, vibrational frequency, molecular dipole moment, dissociation energies. 
The calculated molecular properties obtained using different quantum-mechanical 
methods vary largely. Thus, experimental data, including the rotational fine, 
hyperfine parameters, molecular electric and magnetic dipole moments, is required 
to interpret the electronic structure of transition metal-containing molecules and 
simultaneously evaluate predictive power of the theoretical calculations (i.e. 
methods and basis sets).  
    Hyperfine structure includes magnetic hyperfine interaction and electric 
quadrupole hyperfine interaction. Magnetic hyperfine [18, 19] results from the 
interaction of the non-zero nuclear spin and unpaired valence electrons. Electric 
quadrupole hyperfine [19] is due to the interaction of the nuclear electric 
quadrupole moment and electric field gradient produced by all electrons. The 
hyperfine parameters are ideal probes for the electronic wavefunctions near the 
nucleus.  
   Considerable effort (see below) has gone into experimental determination of 
the permanent electric dipole moment, elμr , and magnetic dipole moment, mμr . The 
electric dipole moment is an effective gauge of the ionic character while the 
magnetic dipole moment gives insight into the nature of the unpaired electrons. 
The molecular electric and magnetic dipole moments are also sensitive to the 
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quality of wavefunctions and theoretical calculation methods, which provide a 
comparison with the calculated results.  
    In addition, electric and magnetic dipole moments are critical to the 
experimental searches for the electron electric dipole moment (eEDM), ed , in 
particle physics. The measurement of ed  is motivated by the fact that the 
existence of a tiny electric dipole moment indicates new physics beyond the 
Standard Model. According to the basic Standard Model, a fundamental particle 
should obey the time-reversal symmetry, which means the physical interaction 
should be the same when the time flows forward or backward. The existence of an 
electron EDM violates the time-reversal symmetry [ 20 ]. Although a more 
sophisticated version of Standard Model predicts eEDM to be around 10-39 e cm, 
this is too small to be measured by current methods. Several new theories beyond 
the Standard Model have been introduced to allow the existence of eEDM, which 
are presented in Figure 1.1 [20]. These new models predict eEDM as big as 10-21 e 
cm, which can be experimentally measured. The determination of eEDM requires 
a measurable energy shifts induced by the interaction of eEDM and the effective 
electric field the electron experiences (Eeff) is measured to determine de. The 
expression is given [21]: 
e effE d EΔ = −                            (1.2). 
Since de is tiny, Eeff needs to be very large. It has been known that the electron 
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inside heavy atoms or heavy polar molecules can experience an enhanced field 
when a small field is applied [22]. Thus, the search for eEDM is performed using 
heavy atoms or heavy polar molecules. The first experimental upper limit of 
1.6×10-27 e cm for eEDM was established using atomic thallium, in 2002 [23]. 
Thallium has a field enhancement factor of 585, which means that the Eeff is 
5.85MV/cm when the external electric field is 10kV/cm. Comparing with heavy 
atoms, heavy polar molecules have advantages in that its Eeff can saturate at a very 
large value in a modest laboratory field (e.g. Eeff=26 GV/cm for YbF) [21, 22]. 
Hence, YbF is better than thallium by 26000/5.85. The experimental upper limit 
has been improved to 10.5×10-28 e cm using F=0 and F=1 hyperfine components 
of N=0, J=1/2 rotational level of the X2Σ+ state for YbF recently [24].  
   The current experimental limit for de can rule out the "naive supersymmetry" 
(naive SUSY) theory in Figure 1.1. The other theories are waiting to be tested 
when better experimental values of de, are determined. One of the most promising 
search for de is using a 3Δ1 state for heavy polar molecules, as proposed by Meyer 
et. al. [25]. The candidate molecules includes WC [26, 27], HfF+ [25, 28], 
ThF+[29] and ThO[29, 30, 31]. These molecules have gigantic internal electric 
field, Eeff, experienced by valence electrons, large electric dipole moment, nearly 
degenerate Ω-doublets, and extremely small magnetic dipole moments (effective 
g-factors is gLΛ+gSΣ 0≅  with gL=1,gS=2.002, Λ=2, Σ=-1) for the 3Δ1 state. The 
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proposed experiment to determine de is using the J=1 level of the 3Δ1 state. Take 
the X3Δ1 state of WC as an example. Figure 1.2 shows how to measure de [26]. The 
J=1 level has three degenerate energy levels, 1M = (or M=±1) and M=0 in the 
absence of electric and magnetic field. Each M level includes two close energy 
levels with e and f parities. The spacing of the e and f levels ( EΩΔ ) is determined 
by the Ω-doubling. For convenience, the four energy levels involved are labeled as 
"A" (f with M=-1), "B" (f with M=+1), "C" (e with M=-1), and "D" (e with M=+1). 
The final energy shifts for A, B, C, and D levels depends upon the normal 
molecular Stark shift and Zeeman shift, as well as the de-induced shift. The 
calculations for each energy shift were displayed in Table 1.2. First, consider the 
application of a modest electric field. The electric field mixes the two energy levels 
with opposite parities. The Stark shift ( StarkEΔ =- eμ .Ε) is dependent on the electric 
dipole moment of the molecule, eμ , and the electric field, Ε. The shift is positive if 
the electric field has the same direction as the electric dipole moment (and vice 
versa).  
   Note that small Ω-doubling and large electric dipole moment of the molecule 
enables the molecule to be completely polarized easily. Thus, the external electric 
field required to make the valence electrons experience the saturation electric field 
is small. Fully polarized molecules have the highest sensitivity for eEDM 
measurement and the small electric field will reduce the induced systematic errors 
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(e.g. the leakage currents and motional magnetic field) [26, 31]. Second, consider 
the application of a magnetic field. The Zeeman shift ( Zee BE gM μΔ = Β) is 
dependent on the magnetic g-factors and the applied magnetic field. Assuming that 
g>0 and Β >0, the sign of the energy shift relies on the quantum number, M. The 
super-small magnetic dipole moments will reduce the systematic errors from the 
randomly fluctuating of the external magnetic fields. Finally, the small de-induced 
shift is dependent on the internal electric field, Eeff and de. The shift is calculated 
using Equation 1.2. The energy difference between the pair of 2MΔ =  is 
~ 4 e effd E× −  (See table 1.2), which is independent to the applied magnetic and 
electric fields. A very large internal electric field, Eeff, is critical for the 
determination of de. The Eeff for WC has been predicted to be approximately 54 
GV/cm using a non-relativistic multi-configuration, self-consistent field 
calculation followed by a multi-reference configuration interaction [26]. The 
electric dipole moment, the magnetic gel-factor and the Ω-doublet splitting for 
X3Δ1 state were also calculated to be 4.3 D, 0.24 and ~1 kHz, respectively. 
Experimental data is required to test how good these predictions are and more 
importantly, to design and evaluate eEDM measurements. 
   Here the field-free LIF and PPMODR spectra were recorded to provide 
rotational fine structure (i.e. bond lengths and bond angles) and hyperfine structure 
of the molecules. The spectra in the presence of external electric (or magnetic) 
12 
field were also recorded. The electric (or magnetic) dipole moment is determined 
by modeling the splittings and shifts in the Stark (or Zeeman) spectra. These 
theoretical treatments are introduced in Chapter 2. Chapter 3 describes the 
experimental techniques. A description of the calibration of the Stark spectrometer 
then follows. Projects on copper-containing molecules (CuF and CuOH) and the 
molecules (WC and ThO) in support of the measurement of eEDM are described in 
Chapter 5 and 6, respectively. The last chapter focuses on the construction of the 
REMPI-TOF system. 
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Table 1.1 A historical background of quantum mechanics  
Who When What How 
Thomas 
Young 
1801 Wave nature of light 
by observing 
 diffraction and 
interference  
Double-slit experiment 
James Clerk 
Maxwell 
1864 Light is an 
electromagnetic wave 
since they have equal 
speeds. 
Predicted the speed of 
magnetic wave by Maxwell’s 
equations 
Heinrich 
Hertz 
1888 Experimentally 
proved that light is an 
electromagnetic wave 
Detection of radio waves 
produced by accelerated 
electric charge in a spark 
Max Planck 1900 Energy of waves 
consists of small unit, 
“quanta”. 
Developed a theory that was 
in good agreement with the 
blackbody-radiation curve 
Albert 
Einstein 
1905 Used Planck’s 
“quanta” to explain 
photoelectric effect 
The kinetic energy of the 
emitted photoelectron 
depends on the light’s 
frequency 
Rutherford 1911 Proposed the planetary 
model for atoms 
Based on that atom has a tiny 
and massive nucleus 
Niels Bohr 1913 Overcoming the 
difficulty that 
Rutherford atom is 
unstable 
Applied the concept of 
quantization of energy to 
H-atom 
Louis de 
Broglie 
1923 The motion of electron 
might have a wave 
aspect. 
Derived λ=h/p by Ephoton=hv 
and E=pc 
Heisenberg, 
Born, and 
Jordan 
1925 Formulated modern 
quantum mechanics 
Using matrices 
Schrödinger 1926 Formulated the wave 
mechanics 
Using differential equations 
Davisson and 
Germer 
1927 Confirmed de 
Broglie’s hypothesis 
Diffraction effect of electron 
Werner 
Heisenberg 
1927 Uncertainty principle Based on the wave-particle 
duality 
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Table 1.2 The calculations of energy shifts due to Stark effect, Zeeman effect and 
de-induced shift (see Figure 1.2). 
 A B C D 
Stark shift 
StarkE+ Δ  StarkE+ Δ  StarkE− Δ  StarkE− Δ  
Zeeman 
shift Zee
E− Δ  ZeeE+ Δ  ZeeE− Δ  ZeeE+ Δ  
de-induced 
shift e eff
d E+ − ⋅  e effd E− − ⋅  e effd E− − ⋅  e effd E+ − ⋅  
Difference 
1a 
2 ( )AB Zee e effE E d EΔ = × Δ − − ⋅  2 ( )CD Zee e effE E d EΔ = × Δ + − ⋅  
Difference 
2b 
4 )e effd E× − ⋅  
aΔEAB is the total energy shifts difference between A and B and ΔECD is the total 
energy shifts between C and D. 
b "Difference 2" is the difference between ΔEAB and ΔECD. 
15 
 
Figure 1.1 The eEDM predictions of various theories beyond the Standard Model. 
The figure is from Ref. 20. 
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Figure 1.2 Schematic diagram for the proposed experiments of eEDM 
determination using the J=1 level of X3Δ1 state of WC. The figure is from Ref. 26.  
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Chapter 2 
THEORY 
  The study of molecules is more complicated than atoms since the energy levels 
depend on the relative positions of each atom. The energy of diatomic molecules 
changes with various bond lengths and the energy of triatomic molecules are 
different for linear and nonlinear structures. The spectra of diatomic (or triatomic 
molecules) recorded for a specific band system are modeled by an effective 
Halmitonian operator with a series of variable spectroscopic parameters. These 
parameters are obtained to characterize the electronic structure of the molecules. A 
matrix representation of the effective Halmitonian operator is formed with an 
angular momentum basis set under an assumed Hund's coupling case. 
2.1 Angular momenta coupling: Hund's coupling cases  
    Angular momenta include the electronic orbital angular momentum (L), the 
electronic spin angular momentum (S), the total angular momentum (J), the total 
angular mometnum excluding electron spin (N=J-S) and the rotational angular 
momentum of the nuclei R (=N-L). There are various Hund's coupling cases, 
which can be defined in terms of their good quantum numbers (Table 2.1) [19]. 
Take two of the most common coupling schemes (i.e. case (a) and case (b)) as an 
example. Case (a) is a good representation if A·Λ is much greater than B·J. A is the 
spin-orbit coupling constant and B is the rotational constant. The basis-sets in this 
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coupling scheme are written as , ; , ; , , JS J Mη Λ Σ Ω . The symbol η denotes all 
other quantum numbers such as electronic and vibrational quantum numbers. 
 Ω(=Λ+Σ) is the sum of the axial components of L and S. MJ is the component of J 
along the space-fixed Z direction. It is important if external magnetic or electric 
fields are applied. Case (b) is a good representation if A·Λ is much less than B·J. 
The basis sets in case (b) are expressed as , ; , , , JN S J Mη Λ . All the coupling 
schemes in Table 2.1 and their vector coupling diagrams are described in Ref. 19. 
In addition to the above mentioned angular momenta, there will often be nuclear 
spin angular momentum (I) coming from protons and neutrons (fermions) which 
have spin 1/2. There are two main coupling schemes in Hund's case (a) and three 
coupling schemes in Hund's case (b) involving the nuclear spin angular momentum. 
These are labeled as case (aα), (aβ), (bβN), (bβS) and (bβJ) [19]. Case (aβ) is a 
straightforward extension of Hund's case (a), which is more common than case (aα). 
A total angular momentum F is formed by coupling nuclear spin I to J. The basis 
sets are expressed as , ; , , , ; , , , FS J I F Mη Λ Σ Λ Ω . The coupling schemes of case 
(bβN), (bβS) and (bβJ) are different. Case (bβN) is used when I N⋅ term is large. In 
this case the nuclear spin I is coupled to N . An intermediate F1 is formed and then 
coupled with S to form F. Case (bβS) is used when I S⋅ term is large. In this case, an 
intermediate G is formed by coupling I and S. Then G is coupled with N to form F. 
Case (bβJ) is used when I J⋅ term is large. In this case, the nuclear spin I is 
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coupled to J to form F. The expressions of the basis sets for these three coupling 
schemes are 1 1, ; , , ; , , , FN I F F S F Mη Λ , , ; , , ; , , , FS I G G N F Mη Λ ,  
and , ; , , ; , , , FN S J J I F Mη Λ , respectively.  
  The coupling of two angular momenta, J1 and J2, forms a resultant angular 
momentum J. The transformation between the coupled and uncoupled basis sets is  
provided by a Wigner 3-j symbol:                         
1 2
1 2
1 2
1 1 2 2
, 1 2
( 1) 2 1 ;J
J J
J J M
J J J
M M J J J
J J J
JM J J M J M
M M M
− + ⎛ ⎞= − + ⎜ ⎟−⎝ ⎠∑     (2.1). 
The coupling of three angular momenta, J1, J2 and J3 forms a resultant angular 
momentum J. This can be treated as the successive couplings of two angular 
momenta. There are three possible intermediate angular momenta J12, J23, and J13 
by coupling two of the angular momenta. Then the intermediate angular 
momentum coupled with the third angular momentum to form J. The three 
coupling methods are physically equivalent since the final J is the same. Any two 
of them can be transformed by a recoupling coefficient 12 3 23 1J JJ J JM J J JM  
using Eq. 2.1, 
          
12
23 1 12 3 23 1 12 3J J J J
J
J J JM J J JM J J JM J J JM= ∑          (2.2). 
The recoupling coefficient involves the products of four Wigner 3-j symbols, 
which can be expressed using a Wigner 6-j symbol [32]: 
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1 1 2 2 12 12 3 3 23 23
1 2
12 3
23
1 122
, ,3 23
, ,
,
1 2 12 1 23
1 2 12 1 23
2 23 3
2 23 3
( 1) 1 2,
1 ;
2
J J J J J J
J J
J J
J J
J M J M J M J M J M J M
M M
M M
M M
J J J J J J
J J J
J JJ
ThreeJ ThreeJ with
J JJ
J J J J J J
ThreeJ
M M M M M M
J J J
ThreeJ
M M M
− + − + − + − + − + −⎧ ⎫ = − × ×⎨ ⎬⎩ ⎭
⎛ ⎞⎛ ⎞= ⎜ ⎟⎜ ⎟− − − −⎝ ⎠⎝ ⎠
⎛ ⎞= ⎜ −⎝
∑
12 3
12 3
.
J J J
J J J
M M M
⎛ ⎞⎟⎜ ⎟−⎠⎝ ⎠  
(2.3).
 
Thus, the Wigner 6-j symbol can be introduced for dealing with the coupling of 
three angular momenta, which is defined as 
1 2 3
1 122
12 3 23 1
3 23 12 23
( 1)
(2 1)(2 1)
J J J J
J J
J JJ
J J JM J J JM
J JJ J J
+ + +⎧ ⎫ −=⎨ ⎬ + +⎩ ⎭
        (2.4) 
2.2 Effective Hamiltonian 
   The total Hamiltonian contains the following terms: a) the nuclear kinetic 
energy; b) the electronic kinetic energy; c) the electron-nuclear attraction; d) the 
nuclear-nuclear repulsion; e) the electron-electron repulsion. The total molecular 
Hamiltonian is given by: 
22 2 2 2
2 2
1 1 1 1 1 1 1 1, , ,
1ˆ
2 2
N n N n N N n n
I J
T I i
I i I i I J i jI i I I J i j
Z Z eZe eH
M m r r r= = = = = = = =
= − ∇ − ∇ − + +∑ ∑ ∑∑ ∑∑ ∑∑h h  ( 2.5). 
The time-independent Schrödinger equation using ˆ TH  can only be solved with 
approximations. Born-Oppenheimer approximation treats nuclear and electronic 
motion independently due to the large mass difference. The nucleus is almost 
stationary while electrons move freely. The seperation of energy levels between 
different electronic states is much larger than that between vibrational levels and 
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the vibrational levels separation is much larger than the rotational levels separation. 
The total Halmitonian accounts for the interaction of energy levels in different 
vibrational levels and even different electronic states. The dimension of the matrix 
representation for the total Halmitonian operator is incredibly large and in 
principle even infinite. The effective Halmitonian is formed by adding small terms 
(i.e. Λ-doubling, centrifugal distortions, etc) to total Halmitonian ( ˆ TH ) that 
account for interactions between vibronic levels. Unlike the total Hamiltonian, the 
effective Hamiltonian operates only within energy levels of a single vibrational 
level in a single electronic state, such as the rotational levels and hyperfine levels. 
Thus, the dimension of the matrix representation for the effective Halmitonian 
operator is finite, which greatly simplifies the calculation.  
   The effective Hamiltonians are different for different molecular states of 
diatomic molecules. Take the b3Π state of CuF as an example. The appropriate 
effectvie Hamiltonian for the b3Π state can be writen as [33, 34, 35]: 
       
ˆ ˆ ˆ ˆ ˆ ˆ ˆ ˆ ˆeff
so ss sr rot cd LD mhfs QH H H H H H H H H= + + + + + + +       (2.6). 
There are eight terms in total and each term has the following expression:  
                      
ˆˆ ˆ
so z zH AL S=                       (2.7),                     
                     
2 22 ˆ ˆˆ (3 )
3ss z
H S Sλ= −                 (2.8),                     
                      
ˆˆ ˆ
srH N Sγ= ⋅                       (2.9),                     
                     
2ˆ ˆ
rotH BR=                       (2.10),                     
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2 2ˆ ˆ ˆ
cdH DR R= −                   (2.11),                     
  
2 2 2 21 1 1ˆ ˆ ˆ ˆˆ ˆ ˆ ˆ ˆ( ) ( ) ( )
2 2 2LD
H o S S p N S N S q N N+ − + + − − + −= + − + + +    (2.12.1),   
or 2 2 2 21 1 1ˆ ˆ ˆ ˆˆ ˆ ˆ ˆ ˆ( )( ) ( 2 )( ) ( )
2 2 2LD
H o p q S S p q J S J S q J J+ − + + − − + −= + + + − + + + +  (2.12.2),               
1 1ˆ ˆ ˆ ˆ ˆˆ ˆ ˆ ˆ ˆ ˆ ˆ ˆ(3 ) ( )
3 2mhfs z z F z z
H aI L b I S c I S I S d S I S I+ + − −= + ⋅ + − ⋅ − +
  
(2.13),
  
2 2 2 20 2ˆ ˆ ˆ ˆ ˆ(3 ) ( )
4 (2 1) 8 (2 1)Q z
eq Q eq QH I I I I
I I I I + −
= − − +− −             
(2.14). 
On the right hand side of Eq. 2.6, the terms with corressponding parameters are 
spin-orbit interaction (A), spin-spin interaction (λ), spin-rotation interaction (γ), 
rotational kinetic energy(B), the centrifugal distortion energy (D), the Λ-doubling 
Hamiltonian (o, p and q) [36], the magnetic hyperfine interactions (a, bF, c and d), 
and the electric quadrupole interaction (eq0Q and eq2Q), respectively. The 
rotational constant B in Eq. 2.10 is related with the reduced mass (μ) and bond 
length (r) of the molecules ( 2 28
hB
rπ μ= ). The Λ-doubling has two different 
expressions but the two definitions are equivalent. Equation 2.12.1 refers to a 3Π 
state in Hund's coupling case (b) basis and equation 2.12.2 refers to a 3Π state in 
Hund's coupling case (a) basis. The Λ-doubling in states with higher values of Λ 
(i.e. Λ ≥ 2) is negligible since the effect has to be at least fourth order of 
perturbation theory, which is usually small [ 37 ]. Note that the effective 
Hamiltonian operator for the small energy splittings determined by Ω-doubling, 
Δο~ , parameters for a 3Δ state (Λ=2), which was measured with super-high 
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resolution spectroscopic technique (i.e. PPMODR) is not included above. The “±” 
designates the ladder operators in terms of molecular fixed components.  
  The magnetic hyperfine interaction (Eq. 2.13) contains the nuclear spin electron 
orbit interaction (a), Fermi contact interaction (bF) , the dipolar interaction (c, d). 
For a linear molecule the magnetic hyperfine parameters, a, bF, c, and d are defined 
as [19, 38, 39]: 
a/Hz = ⎟⎠
⎞⎜⎝
⎛
h4π
μ0  gegNμBμN Λ
1 <Λ| 3zˆi
i i
l
r∑ |Λ >                     (2.15), 
bF/Hz = ⎟⎠
⎞⎜⎝
⎛
h4π
μ0 ⎟⎠
⎞⎜⎝
⎛
3
π8 gegNμBμN 1Σ < ΛΣ| iˆ δ ( )zii s r∑ |ΛΣ >         (2.16), 
c/Hz = ⎟⎠
⎞⎜⎝
⎛
h4π
μ0
2
3
gegNμBμN 1Σ < ΛΣ| ˆzii s∑ 3 i
2 )1θcos3(
ir
− |ΛΣ>   (2.17), 
d/Hz = ⎟⎠
⎞⎜⎝
⎛
h4π
μ0
2
3
gegNμBμN< Λ'Σ' | i
i
s−∑ 2 2i3θ ii
i
sin e
r
φ |Λ"Σ" >          (2.18), 
where lzi and szi are orbital and spin angular momentum operators for the ith 
electron. Theoretical predictions of a, bF, c, and d for molecules are rare, because 
of the difficulty in predicting the electronic wavefunction ( elΨ ) near the nuclei. 
Then the interpretation of observed hyperfine interaction usually uses the 
experimental or theoretical atomic data to estimate these parameters. 
  For non-linear polyatomic molecules (i.e. CuOH), the effective Hamiltonian is 
obviously different from that of the diatomic molecules. The effective Hamiltonian 
for a closed shell, non-linear, molecule requires only the rotational term [40]: 
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                    ˆ ˆ ˆH J B J= ⋅ ⋅                  (2.19). 
B is proportional to the inverse of the moment of inertia tensor. In the principle 
axis system, B  is diagonal with the elements being the A, B and C rotational 
constants. The three constants are related to the spherical components as [41]:   
0
0
1( ) ( )
3
T B A B C= − + +                 (2.20), 
         
2
0
1( ) (2 )
6
T B A B C= − −
                
(2.21), 
         
2
2
1( ) ( )
2
T B B C± = −
                      
(2.22). 
 A, B, and C are related with the principle moments of inertia Ia, Ib, Ic ( a b cI I I≤ ≤ ) 
with A= 28 a
h
cIπ , B= 28 b
h
cIπ  and C= 28 c
h
cIπ ,respectively. 
2.3 Stark Halmitonian 
   The Stark effect is the shift of the spectral lines of atoms or molecules due to 
the presence of an external electric field. The interaction of the molecule with the 
static electric field can be modeled using the conventional Stark Hamiltonian: 
                     ˆ ˆˆStark elH Eμ=− ⋅             (2.23), 
where Eˆ  is the external electric field, and ˆelμ  is the electric dipole moment 
operator of the molecule. There are two methods to define the electric dipole 
moment, elμ . One is the expectation value of a simple sum of single electron 
operators ( ˆel i
i
erμ = ∑ r ): 
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                    el i
i
erμ = Φ Φ∑ r                  (2.24). 
In Eq. 2.24, ir
r is the relative position vector of all charged particles and the 
wavefunction, Φ , is the exact electronic wavefunction (= elΨ ). The other definition 
for the electric dipole moment operator is using the energies in a finite field 
approach [42, 43]: 
                  
E 0
el
Energy
E
μ
→
∂= ∂ rr                      
(2.25). 
The two definitions for μel are identical when the predicted electronic 
wavefunction, Φ , is exact (= elΨ ). A comparison of dipole moments predicted by 
the two methods with experimental values is important for selection of a 
computational methodology used to predict elΨ .  
2.4 Zeeman Hamiltonian 
   The Zeeman effect is the spectral shift caused by an external magnetic field. 
Zeeman studies of molecules provide valuable information about the orbital and 
spin angular momentum, and the nature of any perturbing electronic state. The 
interaction of the molecule with the external magnetic field is modeled using the 
Zeeman Hamiltonian: 
                  ˆ ˆˆZee mH Bμ=− ⋅              (2.26), 
where Bˆ  is the external magnetic field. ˆmμ  is the magnetic dipole moment 
operator of the molecules, which is the sum of electronic orbital ( ˆB Lg Lμ− ), 
electronic spin ( ˆB Sg Sμ− ), and a rotational ( ˆB Rg Rμ− ) terms if the molecule has no 
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nuclear spin. The rotational magnetic dipole moment is negligibly small for low 
rotational levels. Thus, the effective Zeeman Hamiltonian was taken as [19, 44, 
45]: 
2 2ˆ ˆ ˆ ˆ ˆˆ ˆ ˆ ˆ ˆ ˆ ˆ ˆg L B g S B g μ S B S B g S B S Bi iB L B S l B x x y y l BH e e
ϕ ϕμ μ μ − ++ + − −⎡ ⎤ ⎡ ⎤′= ⋅ + ⋅ + + + +⎣ ⎦ ⎣ ⎦Zee  (2.27). 
The “±” designates the ladder operators, ϕ is the azimuthal angle of the electronic 
coordinates. The gl and gl' terms describe the anisotropic contribution to the 
electron spin. gS, gL, gl and gl' are all treated as adjustable parameters to account for 
electronic state mixing (i.e. gL ≠ 1.0, gS ≠ 2.002) [19].   
2.5 Matrix elements 
    The eigenvalues and eigenvectors for a specific electronic state can be 
obtained by constructing and diagonalizing a matrix representation of the total 
Hamiltonian operator in a Hund's case basis set. The expression of the matrix 
elements have been given in many places [19, 33, 41]. Appendix A shows the 
matrix elements for the zero-field effective Hamiltonian (Eq. 2.7 to Eq. 2.14) in 
Hund's case (aβ) basis set for diatomic molecules with one nuclear spin [33]. In 
Hund's case (aβ) the diagonal matrix element for the magnetic hyperfine 
interaction is given by [19]: 
1ˆ ˆ ˆˆ ˆ ˆ ˆ ˆ; ; ( ) ; ( ; ; ( ) ;
3
( 1) ( 1) ( 1)
2 ( 1)
Z Z F Z Zn S J JI F aI L b I S c I S I S n S J JI F
F F J J I Ih
J JΩ
Λ Σ Ω ± + ⋅ + − ⋅ Λ Σ Ω ±
+ − + − +⎛ ⎞= ×⎜ ⎟+⎝ ⎠
)
   (2.28), 
where                 2{ ( ) }
3F
h a b cΩ = Λ+ + Σ Ω                       (2.29). 
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The difference in the magnetic hyperfine splitting of the e-parity and f-parity levels 
is due to the off-diagonal matrix elements of the operator associated with the 
parameter, d. If the observed splitting for the e-parity and f-parity levels is identical 
(i.e magnetic hyperfine parameter d ≈ 0), the magnetic hyperfine energy is 
calculated directly by Eq. 2.28 with the parameter hΩ. For a two nuclear spin 
system (i.e. CuF), the expression of the matrix elements of hyperfine interaction 
operators and Stark operator in Hund's case (aβ) basis are given by:  
(a) Matrix elements for the magnetic hyperfine interaction, ˆ mhyfH :
 
1 2 1
1 1 2 1 1 2
' '
'
2 1
' '
'
ˆ' ' ' ' '
1 ( 1) 1 [ 2 3 4] 5,
1 ( 1) 1;
2 ;
1
3 ( 1) ( 1)(2 1
' "
hfs
J
F
q
J I I F F
S
S J I F I F H S J I F I F
term threeJ a term b term c term d term with
term par
term
S S
term S S S
q
η η
δ
δ δ
−Ω
Λ Λ
+ + + + +
Σ Σ Ω Ω
−Σ
Λ Σ Ω Λ Σ Ω
⎧ ⎫= × − × × × + × + × − ×⎨ ⎬⎩ ⎭
= − ×
= Λ
⎛ ⎞= − × + +⎜ ⎟−Σ Σ⎝ ⎠
∑
( ')
1
', 2
1
1 2 2
2 2 2 1
);
1 1 2 1304 ( 1) ( 1)(2 1);
' 03
1
5 ( 1) 1 1 ( 1)(2 1);
'
1 ( ' 2 1) ( ' ') ( ');
1 ( 1)(2 1)(2
q S
phase
q
S S
term S S S
q q q
S S
term par threeJ S S S
q
phase J I I F F J q S
par I I I F
δ
+ −Σ
Λ Λ
=±
⎛ ⎞⎛ ⎞= − + +⎜ ⎟⎜ ⎟−Σ Σ −⎝ ⎠⎝ ⎠
⎛ ⎞= − × × × × + +⎜ ⎟−Σ Σ⎝ ⎠
= + + + + + + − Ω + + − Σ
= + +
∑ m
2 1 1 1
1
1 2 1
' '
' 1)(2 1)(2 ' 1)(2 1) .
1 1
' 1
1 ;
'
I F JF I F
F J J
F I F J
J J
threeJ
q
⎧ ⎫⎧ ⎫+ + + + × ⎨ ⎬⎨ ⎬⎩ ⎭⎩ ⎭
⎛ ⎞= ⎜ ⎟−Ω − Ω⎝ ⎠ (2.30) 
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(b) Matrix elements for the electric quadrupole interaction, ˆ QH :
 
1 2 1
1 1 2 1 1 2
0 2
1
2 1 1 1' 2 1
1 2 1
'
' '
ˆ' ' ' ' '
1 1 ( 2 3),
2
'2 '
1 ( 1) (2 ' 1)(2 1);
0 2 2
' 212 ( 1) ;
02
Q
J I I F F
J
S J I F I F H S J I F I F
term eQq term eQq term with
I F JI I F I F
term J J
F I FI I J
J J
term
t
η η
δ δ
−
+ + + + +
−Ω
Λ Λ Ω Ω
Λ Σ Ω Λ Σ Ω
= × × × − ×
⎧ ⎫⎧ ⎫⎛ ⎞= − + +⎨ ⎬⎨ ⎬⎜ ⎟−⎝ ⎠ ⎩ ⎭⎩ ⎭
⎛ ⎞= − ⎜ ⎟−Ω Ω⎝ ⎠
' '
', 2
2
' 213 ( 1) .
'2 6
J
q
J J
erm
q
δ −ΩΛ Λ
=±
⎛ ⎞= − ⎜ ⎟−Ω − Ω⎝ ⎠∑ m (2.31) 
(c) Matrix elements for Stark effect, ˆ StarkH : 
 
1 1 2 1 1 2
' '
1 2 1 1
2 1 1 1
1 1
ˆ' ' ' ' '
' 1
( 1) 1,
'
( ' ') ( ' 1) ( ' 1) ( ' ');
' '' ' ' 1
1 1
1 1 '
Stark
F F
phase
Z S S
pq F F
F
S J I F I FM H S J I F I FM
F F
E term with
M Mp
phase F M p F I F F J I J
F JI F I F J J
term par
F FF J q
η η
μ δ δΣ Σ
Λ Σ Ω Λ Σ Ω
⎛ ⎞= − − ×⎜ ⎟−⎝ ⎠
= − + + + + + + + + + + − Ω
⎧ ⎫⎧ ⎫= × ⎨ ⎬⎨ ⎬ −Ω −⎩ ⎭⎩ ⎭
∑
1 1
;
1 (2 ' 1)(2 1)(2 ' 1)(2 1)(2 ' 1)(2 1).par F F F F J J
⎛ ⎞⎜ ⎟Ω⎝ ⎠
= + + + + + +
    (2.32) 
 
   For open-shell metal-containing molecules, each rotational level often exists as 
a degenerate pair, which differs by the sign of Ω. In this case, degenerate 
perturbation theory gives the the simple expressions for Stark and Zeeman shifts 
as: 
   ( ) 50348.01
)/()()( +
Ω=Δ
JJ
McmVEDMHzE J
rμ
              (2.33), 
       JJnΛ S J M J M S nΛΣ Ω ΣΩ − ⋅m B    
       [ ]J J
( 1) ( 1)
B L S B
el
BM g g BM g
J J J J
μ Ω Λ Σ μ Ω+= =+ + .               (2.34). 
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   For non-linear triatomic molecules with one nuclear spin (i.e. CuOH), the 
energy levels are obtained by diagonalization of the matrix representaion in a 
prolate symmetric top basis set: , , , , , , FN K S J I F M . The expressions of the 
matrix elements of the rotational and Stark Hamiltonian are given by [41]:
 
2
'
' ' ' '
0
ˆ', ', , ', , ', ' , , , , , ,
( 1) ( ) ,
'
1
( 1) 2 1) ( 1)(2 1) .
1
F F
F rot F
N K k
M M FF JJ NN q
k q
k
N K S J I F M H N K S J I F M
N k N
T B term with
K q K
N N
term k N N N
k N
δ δ δ δ −
=
⎛ ⎞= − ×⎜ ⎟−⎝ ⎠
⎧ ⎫= − + + + ⎨ ⎬⎩ ⎭
∑∑
       
(2.35),  
1 1
ˆ', ', , ', , ', ' , , , , , ,
( 1) ( ) 1 1 ( ) 2,
( ' ') ( ' 1) ( ' 1);
1 (2 ' 1)(2 1)(2 ' 1)(2 1);
' 1 ' '
1
' 1
Stark
F F
phase
p q
p q
F
F F
N K S J I F M H N K S J I F M
T E par term T term with
phase p F M J I F N S J
par F F J J
F F J F I N
term
M Mp F J
μ= − − × × × ×
= + − + + + + + + + +
= + + + +
⎛ ⎞ ⎧ ⎫= ⎨ ⎬⎜ ⎟− − ⎩ ⎭⎝ ⎠
∑ ∑
' '
' '
;
1
' 1
2 ( 1) (2 ' 1)(2 1) .
'
N K
J S
J N
N N
term N N
K q K
−
⎧ ⎫⎨ ⎬⎩ ⎭
⎛ ⎞= − + + ⎜ ⎟−⎝ ⎠
        (2.36). 
2.6 Calculation of relative intensities 
    The strongest interaction between electromagnetic radiation and molecules is 
via the interaction between the electric dipole moment operator, ˆelμ , and the 
electric field of the raidation. The relative intensities of transition between two 
electronic states (labeled a and b states) can be calculated in two steps. First, 
evaluate the matrix elements of ˆelμ in the chosen basis set  [33, 46]. Appendix A 
contains the expression of matrix elements of ˆelμ  in a Hund's case (aβ) basis set 
for diatomic molecules with one nuclear spin. Here the expression of matrix 
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elements of ˆelμ in the same basis set for two-nuclear-spin diatomic molecules is 
given [19, 33]: 
1
1 1 2 1 1 2
1 2' 2 1
1
11' " 1 1 ' '
1 1
1
'
ˆ' ' ' ' ' ' '
' '
*( 1) (2 1)(2 ' 1)
1
' ' 1 ' 1
*( 1) (2 1)(2 1)( 1) (2 1)(2 ' 1)
1 ' '
( 1)
F F
F F I
F J I J
F MPerpendicular
S J I F I F M S J I F I FM
F F I
A F F
F F
J F I J J
F F J J
F J
A
η μ η
+ + +
+ + + −Ω
−
Λ Σ Ω Λ Σ Ω
⎧ ⎫⎪= − + +⎨ ⎬⎪ ⎭⎩
⎧ ⎫ ⎛ ⎞⎪− + + − + +⎨ ⎬ ⎜ ⎟−Ω Ω − Ω Ω⎪ ⎝ ⎠⎭⎩
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"A" in Eq. 2.37 have two expressions ( PerpendicularA  or parallelA  ), which depends on 
whether the electric field vector of the linearly polarized laser radiation either 
parallel, “⎜⎜”, or perpendicular, “⊥”, to that of the external field. The second step to 
calculate the relative intensities is to pre- and post-multiply the electric dipole 
matrix by arrays of the appropriate eigenfunction coefficient for "a" and "b" states.   
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Table 2.1 Hund’s coupling cases [19]. 
Coupling case Good quantum numbers Requirements 
(a) η, Λ, S, Σ, J, Ω AΛ>>BJ 
(b) η, Λ, N, S, J AΛ<<BJ 
(c) η, (Ja), Ω, J AΛ>>ΔEel 
(d) η, L,R,N, S, J BJ>> ΔEel 
(e) η, Ja, R, J AΛ>>BJ>> ΔEel 
 
 
32 
Chapter 3 
EXPERIMENTAL METHOD 
3.1 Overview 
  The spectroscopic techniques employed in the study of transition 
metal-containing molecules (i.e. CuF, CuOH, ThO and WC) in this thesis are as 
follows: 
a) High-resolution visible spectroscopy  
b) Optical Stark spectroscopy 
c) Optical Zeeman spectroscopy 
d) Pump/probe microwave optical double resonance (PPMODR) 
When tunable radiation with incident intensity, I0, illuminates the sample 
(concentration, c) in a container with length, L, the final intensity of the radiation, I 
after absorption is given by Beer's law: 
0 0 (1 )
LcI I e I Lcα α−= ≈ −                    (3.1), 
where α is the absorption coefficient, which is related with the transition frequency 
between two electronic states, v, and the fraction of the population in the lower 
electronic state, f. The expression is: 
2 fα ν∝ ×                                (3.2) 
Large absorption means high sensitivity. Therefore, the higher transition frequency, 
v , the higher sensitivity. However, higher transition frequency leads to bigger 
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linewidth due to the Doppler effect, which reduces the resolution. This is why the 
optical spectroscopy is highly sensitive and has the ability to detect single atoms or 
molecules while the microwave spectroscopy has super-high resolution but lacks 
sensitivity. All the techniques here use laser-induced fluorescence (LIF) detection. 
Fluorescence is the re-emitted light of molecules that have been excited from one 
energy level (e.g. ν"=0 for the ground state) to another energy level (e.g. ν'=0 for 
the excited state) by absorbing a single photon at a certain frequency. The excited 
molecules (e.g. ( ' 0) ( " 0)A Xν ν= ← = ) can emit light not only at the excitation 
frequency ( ( ' 0) ( " 0)A Xν ν= → = , called on-resonance), but also at other smaller 
frequencies ( ( ' 0) ( " 1, 2,3 )A Xν ν= → = ⋅⋅⋅ , called off-resonance). Therefore, LIF 
is a mixture of light with different frequencies. A band-pass filter can be used to 
select a range of the fluorescence and improve the signal-to-noise of the optical 
spectrum. The signal-to-noise is super-high (almost zero background) for 
off-resonance LIF detection. Techniques “a”, “b”, and “c” probe the electronic 
structure with zero-field, permanent electric dipole moment and the magnetic 
dipole moment for molecules, respectively.  
   Technique “d” is a method that combines optical and microwave spectroscopy. 
PPMODR technique has the advantage of precisely measuring pure rotational 
transitions (linewidth~60 kHz) with high sensitivity of LIF detection. In the early 
days, scientists measured the ground-state data precisely using molecular beam, 
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laser-radiofrequency double-resonance technique [ 47 ] which is similar to 
PPMODR. The first laser-microwave double resonance experiment was developed 
in 1983 [48]. In my work, PPMODR was employed to determine the small 
Ω-doubling splitting for the X3Δ1 state of WC. All of these techniques have the 
same molecular source: laser ablation/supersonic expansion. 
3.2 Molecule generation 
   A cold molecular beam was produced using a laser ablation source and 
supersonic expansion (Figure 3.1). A sample metal rod (or sheet) fits with a 
matching end-cap (Figure 3.2) and on the downside, there is a Teflon holder to 
make sure the metal is always in position. The metal rod is controlled by a stepper 
motor and is rotated and translated continually to have a fresh surface for the laser 
shot (metal sheet only translates). The Nd:YAG laser-ablated (5 mJ/pulse,532 nm) 
metal atoms react with the reagent seeded in the carrier gas (mostly argon or 
helium) passing through the pulsed valve to produce the target molecules. The high 
backing pressure (typically 500 psi) produces a supersonic expansion of plasma 
with a rotational temperature <10K. The plasma produced includes electrons, ions, 
atoms, molecules, clusters and radicals, the ratio of which is affected by the 
concentration of the reagent in carrier gas, the backing pressure, the background 
pressure in the molecular source chamber, the type of the carrier gas and the power 
of the ablation laser. The selection of the end-cap is also important because 
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hole-size for the ablation laser and the gas-channel affects the production. A 
skimmer sitting between the molecular source chamber and the detection chamber 
is used to produce a well collimated molecular beam. This reduces the Doppler 
broadening.  
3.3 Spectroscopic techniques 
   The spectroscopic techniques involved in this work have been outlined in the 
“overview” of this chapter. All the spectrometers have the same vacuum system. 
There are two chambers: molecule source chamber and the LIF detection chamber. 
Each chamber has a mechanical vacuum pump (pump speed ~12.6 l/sec pressure 
1×10-4 torr) and a 6” diffusion pump (1550 l/s air). A roots pump (RUVAC WA251, 
pump speed ~69.7 l/sec) is installed to increase the pump speed on the source side. 
The final pressure is < 1×10-6 torr for both molecule source and detection 
chambers. The schematic diagrams of the optical spectrometer, the Stark 
spectrometer, Zeeman spectrometer, and PPMODR spectrometer are displayed in 
Figures 3.3, 3.4, 3.5 and 3.6, respectively.  
   As illustrated in Figure 3.3, a specific band is excited with an excitation laser 
(e.g. cw-dye laser) and the on-resonance (or off-resonance) LIF signal is 
monitored through a bandpass filter by a piezo-electric cooled, GaAs RCA 
31034-A photon-multiplier tube (PMT). The LIF is focused onto the input of the 
PMT by a two-lens system. The current signal from the PMT is converted to a 
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voltage signal by a fast pre-amplifier. The voltage is processed by a gated photon 
counter, which transfers the data to the computer via a General-Purpose Interface 
Bus (GPIB) card. The delay and width of the gate for the photon counter are 
variable under computer control. The signal given in the gate are monitored with a 
oscilloscope (TDS 3032C). The electronic connections for all equipment are also 
given in Figure 3.3. The data acquisition and processing are executed by a Visual 
Basic program.  
  Stark spectra with static electric field strength up to 6000V/cm are recorded. The 
static electric field is generated by applying a voltage across two conducting plates 
straddling the LIF region (Figure 3.4). Both plates are 5×5 cm square neutral 
density filter with 90% transmission. The downside plate can be replaced with a 
solid 10 cm diameter stainless steel disc. The field strength was calibrated using 
the optical Stark spectra of the A1Σ+–X1Σ+ (0, 0) band of BaO [49] and the A2Π3/2- 
X2Σ+ (0, 0) band of YO [43]. Zeeman spectra, with magnetic field produced by a 
pair of rare-earth permanent magnets, are also recorded. The rare-earth permanent 
magnets are 1” diameter with 5 mm diameter hole for the molecule beam to pass 
through. The magnetic field is increased by adding the ferromagnetic poles (Figure 
3.5). The field was calibrated using a commercial gauss meter. The systematic 
errors arising from the field calibration and the spectral measurement uncertainties 
in the Zeeman and Stark shifts are estimated to be less than 2%. Both the 
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perpendicular (ΔMJ = ±1) and parallel (ΔMJ = 0) polarizations can be selected by 
using a polarization rotator and a polarizer. The linearly polarized excitation laser 
can be aligned with the electric or magnetic field vectors.  
  The PPMODR spectrometer in our lab is displayed in Figure 3.6. The excitation 
laser is split into two beams by a beam splitter. One laser beam is almost ten times 
stronger than the other beam. The weaker beam is the probe beam and the other 
one is the pump beam. The procedure for recording PPMODR spectra are: (1) 
block the pump beam and the LIF signal is collected; (2) unblock the pump beam 
to deplete the rotational level and observe that the LIF signal decreases; (3) tune 
the microwave radiation to a rotational transition to repopulate the rotational level 
and then the LIF signal will increase; (4) scan the microwave frequency under 
computer control by monitoring the LIF signal and the microwave spectra are 
recorded. The PPMODR technique was used by our group ten years ago [50]. 
However, the microwave radiation source employed in my current studies is 
significantly different. In the past, a Gunn Oscillator locked to a fast-switching 2 
GHz synthesizer was used to generate the microwave radiation. The data 
acquisition and processing was executed by a Visual Basic program. In this work, 
the microwave radiation is produced by an active fourth harmonic frequency 
multiplier, whose input is a 0~20 GHz frequency synthesizer. The time base for the 
synthesizer is a Rubidium clock. The microwave radiation is introduced into the 
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chamber by a homemade E-field horn antenna (around 3 cm × 0.4 cm). A graphical 
programming language, LabVIEW, was developed to record the microwave 
spectra. To get rid of the stray magnetic field, a 0.1 cm thick, annealed, μ-metal 
box is applied.  
3.4 Wavelength calibration 
   The schematic diagram of the wavelength calibration is presented in Figure 3.7. 
The sub-Doppler absorption spectrum of I2 is recorded simultaneously with the 
LIF signal, which calibrates the absolute wavelength of the single longitudinal 
mode, continuous wave (CW) dye laser [51, 52]. I2 absorption spectrum is chosen 
because the precise absolute frequencies of 0.0001 cm-1 are provided [51]. 
Sub-Doppler I2 spectra are recorded using a saturation polarization technique. The 
CW dye laser is split into two beams. The polarization of one laser beam (labeled 
A) is rotated by 90o, which means the polarization is perpendicular to that of the 
other laser beam (labeled B). The laser beam B is mechanically chopped at ~2 kHz. 
These two beams are counter propagating and are simultaneously absorbed only by 
these molecules with no transverse velocity (i.e. no Doppler effect). The intensity 
of laser beam A is detected by a photodiode after absorption. The output signal 
from the photodiode is monitored by a lock-in amplifier. In this case, the 
modulation of laser beam B is transferred to a modulation of laser beam A for those 
molecules that are simultaneously excited (i.e. molecules with zero velocity). 
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Since Doppler broadening is from the thermal motions of molecules, sub-Doppler 
resolution (±0.001cm-1) can be achieved by molecules with zero velocity. The I2 
cell can be heated to produce more I2 molecules in the gas-phase and populate 
additional levels. This will increase the absorption signal.  
  The relative wavelengths are precisely measured by simultaneously recording 
the transmissions of two confocal étalons (Fabry-Pérot interferometers) [53] with  
the sub-Dopper absorption spectrum of I2 (Figure 3.7). One étalon (labeled Et1) is 
unstabilized with free spectra range of 75.04 MHz and the other étalon (labeled Et2) 
is actively stabilized with free spectra range of 750.956 MHz. There is an insulated 
housing outside the Et2. The Et2 is evacuated and temperature controlled. The 
cavity spacing of Et2 is locked to the transmission peak of a frequency stabilized 
Melles Griot Model 05 STP He-Ne laser. The transmission is detected by a 
photodiode and the signal is under computer control through a lock-in amplifier. 
When the monitored transmission intensity changes slightly, the spacing of the 
cavity is changed by sending a correction voltage to the piezoelectric crystal on the 
mirror or changing the temperature. The relative resolution could be determined to 
be approximately ±0.0001cm-1.  
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Figure 3.1 Laser ablation source and supersonic expansion in molecular beam 
apparatus.  
 
Figure 3.2 End-cap for different metal source. 
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Figure 3.3 A schematic diagram of high-resolution optical LIF spectrometer. Band 
pass filter (BPF); Lens 1 (L1); Lens 2 (L2); Cooled photomultiplier tube (PMT). 
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Figure 3.4 A schematic diagram of the electric field and laser excitation region of 
the Stark spectrometer. Part A can be replaced by Part B. Part A has a pair of NDF 
to apply the electric field. Part B replaces the NDW on the downside by a solid 
stainless steel. Molecular beam (MB); Tunable laser radiation beam (LB); Neutral 
density filter (NDF); Stainless steel (SS); Cooled photomultiplier tube (PMT); 
Band pass filter (BPF); Lens(L); Mirror (M); Laser induced fluorescence (LIF).  
43 
 
Figure 3.5 A schematic diagram of the magnetic field and laser excitation region 
of the Zeeman spectrometer. Molecular beam (MB); Tunable laser radiation beam 
(LB); Rare-earth permanent magnets (Mag); iron core (IC); Cooled 
photomultiplier tube (PMT);  Band pass filter (BPF); Lens(L); Mirror (M); Laser 
induced fluorescence (LIF).  
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Figure 3.6 A schematic diagram of the PPMODR experimental. Molecular beam 
(MB); Tunable laser radiation beam (LB); Beam splitter (BS); Mirror (M); Laser 
induced fluorescence (LIF); Magnetic shield box (MSB); Homemade E-field horn 
antenna (HA). 
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Figure 3.7 A schematic diagram for wavelength calibration. Beam splitter (BS); 
Mirror (M); Half wave plate (HWP); Photodiode (PD); Etalon (Et); Polarize beam 
splitter (PS). 
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Chapter 4 
CALIBRATION OF STARK SPECTROMETER 
4.1 Introduction 
    Permanent electric dipole moments are determined by recording and 
analyzing the spectra in the presence of a static electric field.  A quick and 
straightforward way to determine the electric field strength, E, is using the 
expression:  
UE
d
=                               (4.1), 
where the applied voltage, U, was measured to an accuracy of around 0.2% by a 
commercial voltmeter and the Stark plate spacing, d, was mechanically measured 
to be 1.638±0.003 cm. Another way to determine the electric field strength, E, is to 
record and analyze the optical Stark spectra of a secondary standard, whose 
experimental electric dipole moment are precisely determined. Barium monoxide, 
BaO, and yitterium monoxide, YO, are good candidates [54] as secondary 
standards. The permanent electric dipole moment, μel, for X1Σ+ state of BaO were 
determined to be 7.954(3) D by molecular-beam electric-resonance technique 
(MBER) [55, 56, 57] and the value of μel for X2Σ+ state of YO was determined to 
be 4.524(7) D by pulsed-nozzle Fourier-transform microwave spectrocopy 
(FTMW) [58].  
     Here the optical Stark spectra were recorded and analyzed for both the A1Σ– 
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X1Σ+ (0,0) band of barium monoxide, BaO, and the A2Π3/2- X2Σ+ (0,0) band of 
yttrium monoxide, YO. The permanent electric dipole moments, μel, for both 
ground and excited states were determined. The μel for X1Σ+ (υ=0) state of BaO 
and X2Σ+(υ=0) state of YO were compared with previous values. A systematic 
error limit for the current Stark spectrometer was obtained. The details work on 
BaO and YO are found in Appendix B and Appendix C, respectively. 
4.2 Calibration with Stark measurement of BaO 
    Appendix B is my work on the Stark effect in the A1Σ+-X1Σ+ (0,0) band of BaO 
[49]. The P(1) (ν=16721.63cm-1) and R(0) (ν= 16722.77cm-1) branch features of 
this band were selected for Stark measurements. The lines were readily assigned 
based upon predictions using the spectroscopic parameters of Ref. 59 . The 
permanent electric dipole moments, elμ , of the X1Σ+ (v=0) and A1Σ+ (v=0) states 
are determined to be 7.869(17) D and 3.125(16) D, respectively. The correlation 
coefficient is -0.23 for the two electric dipole moments, elμ , and the standard 
deviation of the fit was 22 MHz, which is commensurate with the measurement 
uncertainties. The determined μel (X1Σ+ (v=0)) is slightly smaller than the results 
derived from the analysis of the MBER spectra [56] where a value of 7.954(3)D 
was determined. To preclude the possibility of a programming mistake in the 
analysis, the MBEM data [55] was re-analyzed following exactly the same process. 
In this re-analysis, the μel value for the X1Σ+ (v=0) state of BaO is 7.9529(8) D, 
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which agrees well with the previously determined value [56] of 7.954(3) D and is 
better determined. Thus the small discrepancy between the μ (X1Σ+ (v=0)) values 
determined from the analysis of the MBER data and that from the optical data is 
suggesting a small systematic error in either of the two experiments. The 
determined μel value for the A1Σ+(v=0) state is slightly larger than the previous 
value [60] (=2.98 (7)D) determined by the analysis of quantum beat spectra. 
4.3  Calibration with Stark measurement of YO 
  Appendix C describes the optical Stark specscopy of the the A2Π-X2Σ+ (0,0) 
band of YO [43], which was required for the CuF study. The (R1 +Q21)(1) 
(ν=16723.35cm-1) branch features of this band was selected for Stark 
measurements. The analysis procedure was the same as the previously optical 
Stark study of a high-temperature sample [61]. The permanent electric dipole 
moments, elμ , for the A2Π3/2 (v=0) and X2Σ+ (v=0) states are determined to 
be 3.714(5)D and 4.542(40)D, respectively. The correlation coefficient of the two 
elμ  is 0.006 and the standard deviation of the fit was 18 MHz, which is 
commensurate with the measurement uncertainties. The determined μ (X2Σ+ (v=0)) 
is in excellent agreement (<1.0%) with the results derived from the analysis of the 
FTMW spectra [58] where a value of 4.524(7)D was determined. The determined 
μel value for the A2Π3/2 (v=0) state is also consistent with the previous value [61] 
(=3.68(2)D), but more accurately determined.  
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4.4 Summary 
   The optical Stark spectrometer was calibrated by recording and analyzing the 
optical Stark spectrum of the A2Π3/2- X2Σ+ (0, 0) band of YO from which it was 
determined that the systematic errors were < 1%. The electric field strength from 
mechanically precise measurement gives the same accuracy as that from the 
calibration of a second standard. For BaO, the μ (X1Σ+ (v=0)) values determined 
from the analysis of the MBER data and that from the optical data is slightly out of 
this limit, which is suggesting a small systematic error in either of the two 
experiments. The new value is less precisely determined but possibly slightly more 
accurate than the MBER value. 
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Chapter 5 
STUDY OF COPPER MONOFLUORIDE AND COPPER HYDROXIDE 
5.1 Introduction 
    Copper-containing molecules are excellent simple model system to 
understand the nature of chemical bonding for transition metal-containing 
molecules. This is due to their unique properties. Take CuF and CuOH as examples. 
First, CuF and CuOH have filled, or nearly filled, d-orbital (Cu+: 3d10 or 3d94s1). 
Second, CuF and CuOH have closed shell ground states ( 1X +Σ for CuF and 1 'X A%  
for CuOH). These two features make CuF and CuOH have relatively simple 
electronic state distributions. Thirdly, the synthesis of CuF and CuOH is easy. 
Finally, there are only two stable isotopes of Cu with natural abundance as 63Cu 
(69%) and 65Cu (31%). This avoids complex overlapped spectra and simplifies the 
analysis. Also, both 63Cu and 65Cu have a nonzero nuclear spins, I(=3/2), which 
provide hyperfine structure for the excited state. 
    Here a high-resolution spectroscopic study on CuF and CuOH has been 
performed. This is the first molecular beam study for both CuF and CuOH. The 
b3Π – X1Σ+ (0, 0) band of copper monofluoride, 63CuF, and the 
AB ′′1~ (000)← AX ′1~ (000) band of copper hydroxide, 63CuOH, were recorded field 
free and in the presence of a static electric field. The molecular parameters (i.e. 
rotational fine and hyperfine parameters) and the permanent electric dipole 
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moments, elμr , were determined by modeling the field-free and Stark spectra using 
an effective Hamiltonian and the Stark Hamiltonian (see Chapter 2). The details of 
this study (i.e. the observed field-free and Stark spectra, analysis and discussion) 
are given in Appendix C [43] and Appendix D [62].  
5.2 Conclusions from the CuF study 
    Appendix C is my published work on the hyperfine interaction and Stark 
effect in the b3Π – X1Σ+ (0, 0) band of CuF. The hyperfine structure comes mainly 
from the CuF is a two nuclear spin system (I(Cu)=3/2 and I(F)=1/2). A refined set 
of fine and hyperfine parameters was produced for the b3Π (v=0) state from 
analysis of the field-free spectra. These parameters were compared with those of 
the previous work [63]. The previously determined hyperfine parameters for both 
the 63Cu (I=3/2) and 19F (I=1/2) are not adequate to reproduce the observed 
hyperfine splittings in the low-J levels of the b3Π1 (v=0) state. This is primarily 
due to the magnetic hyperfine parameters of 63Cu (I=3/2), which are presented in 
Table 5.1. The c(63Cu ) was constrained to a theoretical estimate of 0.0064 cm-1 
[63], which assumes that the b3Π state, which arises from coupling Cu+ (1,3D; 
3d94s1) with F-(1S; 2p6), is 85% ionic character. The newly determined magnetic 
hyperfine values a (63Cu) (=0.0020(2) cm-1) and d (63Cu) (= -0.025(6) cm-1) vary 
significantly from the previous experimental values (a=0.0255(43) cm-1, 
d=-0.0555(66) cm-1) and the predicted values (a=0.030 cm-1, d=0.0127 cm-1) [63]. 
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The predictions assumed that the b3Π state had no perturbations. As noted in Ref. 
63, this assumption fails since the simple model for the nature of b3Π cannot even 
explain the sign of d. Thus, perturbations in b3Π state need to be considered. There 
are six closed low-lying excited electronic states arising from coupling Cu+ (1,3D; 
3d94s1) with F-(1S; 2p6): a3Σ+, b3Π, c3Δ, A1Σ+, B1Π  and C1Δ. The b3Π – X1Σ+ (0, 0) 
transition is spin-forbidden and has zero transition moment in the Hund's case (a) 
limit. However, this transition gains strength from spin-orbit mixing of the singlet 
and triplets states due to the near degeneracy of numerous excited states. The b3Π 
state is mixed with the A1Σ+ and B1Π states, which results in a large differences of 
the nuclear spin-electronic orbital magnetic hyperfine parameter, a, compared with 
the predicted values.  
   The permanent electric dipole moment, μel, for the b3Π0+ (v=0) and X1Σ+(v=0) 
states of CuF were determined to be 2.36(2) D and 5.26(2) D, respectively, from 
the analysis of the Stark spectra. They were compared with the theoretical 
predictions [64, 65] using the finite field approach, which were listed in Table 5.2 
[43]. Calculations in Ref. 64 use the methods of combining short-range 
gradient-corrected density-functional theory (DFT) with long-range wave-function. 
The predictions in Ref. 65 use variational multireference(MRCI) and 
coupled-cluster[RCCSD(T)] methods combined with laser basis sets. Both the 
DFT-PBE-CCSD(T) and C-RCCSD(T) with DKH2/C5Z basis set methods give 
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excellent agreement with the present work for the electric dipole moment for the 
X1Σ+ state. The electric dipole moment for the b3Π state was also predicted by the 
second method and it is close to the experimental result. The reduction of the 
dipole moment from the ground state to the excited state is due to the promotion of 
an electron in the 3d orbital to 4s orbital pointing away from the bond.  
5.3 Conclusions from the CuOH study 
   Appendix D is my published work on the optical Stark spectroscopy of the 
AB ′′1~ (000)← AX ′1~ (000) band of 63CuOH. CuOH is a near prolate symmetric top 
molecule, with single nuclear spin (I(Cu)=3/2). In reality, H-atom also has a 
nuclear spin of 1/2 but the resolution was not sufficient to detect the H-atom 
hyperfine splitting. The most surprising observation is that each of the low 
rotational level of the 1 "B A% state exhibited an unexpected splitting, which is not 
due to nuclear hyperfine interaction or electron spin fine structure (i.e. 1A" and 3A" 
mixing). One possibility is local perturbations. To prove this postulation, the 
field-free spectra of the same band for 65CuOH were recorded to see if the 
unexpected multiple levels in the 1B A′′% state disappeared. It is unlikely that local 
perturbations are responsible for identical splittings in the two isotopologues. 
Surprisingly, the observed spectra of 65CuOH have the same feature as that of 
63CuOH, which means that it is not due to the local perturbations. The nature of the 
extra spectral features is still unknown.  
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  Fortunately, the perturbations in the 1B A′′%  state for the high rotational levels, 
which have been known observed for the high rotational levels before [66], do not 
affect the analysis of the Stark spectra because the 1B A′′% state has no Stark-tuning. 
The band system of 1 1"(000) '(000)B A X A←% % is c-type electronic transition 
( ,a cK odd K evenΔ = Δ = ). The Stark effect in the 1 (000)X A′% state are dependent 
upon the a-component of the dipole moment, μa, which was determined to be 
3.968(32) D from the analysis of the observed Stark shifts. The μa for the 
AB ′′1~ (000) state is estimated to be less than 0.3D due to the lack of observable 
Stark shifts for low-J levels. The determined values were compared with 
theoretical predictions [67, 68, 69, 70] and were listed in Table 5.3 [62]. The 
DK3-CCSD(T) level prediction (=4.045D) [69] gives excellent agreement with the 
experimentally determined value (=3.968(32)D) for the ground state. The electric 
dipole moment, elμ , of the AB ′′1~ (000) state was calculated to be ranging from 
1.363 to 1.843D using different methods for treating electron correlation [70]. 
However, the a-component of the dipole moment is unknown because the direction 
is not specified. The large reduction of μa from the AX ′1~ (000) state to AB ′′1~ (000) 
state (i.e. 3.968 D to <0.3D) is due to the promotion of an electron in the 5a" 
orbital to the 15a' orbital. 5a" corresponds to the copper-centered 3d orbital and 
15a' corresponds to the 4s/4p hybrid orbital. The 4s/4p orbital points away from 
the Cu-OH bond, which produces an induced dipole moment, .Indμ . In addition, 
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the promotion of electron from 5a" to 15a' rotates the direction of electric dipole 
moment from nearly parallel to almost perpendicular to the Cu-OH bond (Figure 
5.1). The bond-lengths and bond angle are taken from Ref. 66.  
5.4 Comparison of the electric dipole moments for copper-containing 
molecules 
   The permanent electric dipole moment, μel, gives insight into the charge 
distribution. It is interesting to compare the experimentally determined ground 
state μel  values for different copper-containing molecules. The μel values for X1Σ+ 
of CuF, 2 3/2X Π of CuO and 2 3/2X Π  of CuS, were determined to be 5.26(2) D, 
4.57(3) D [71] and 4.31(15) D [72], respectively. Since the a-component of electric 
dipole moment for the AX ′1~  state of CuOH is nearly parallel to the Cu-OH bond, 
μa (=3.968(32) D) is a good estimate of the dipole moment parallel to the CuOH. 
To focus only on charge distribution, a comparison of the reduced dipole moments 
( /el erμ≡ ) is more insightful. The calculated values for CuF, CuO, CuOH, and 
CuS are 3.01, 2.65, 2.24 and 2.10 D/Å, respectively. The electric dipole moments, 
bondlengths and reduced dipole moments for different copper-containing 
molecules are presented in Table 5.4 together with the electronegativities of the 
ligands. The relationship between the reduced dipole moments and the 
electronegativities [73] is very linear (Figure 5.2). Using the reduced dipole 
moment of 2.24 for the ground state of CuOH, the electronegativity of OH- is 
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predicted to be around 2.80, which is consistent with the earlier predictions 
(2.67~3.97) [74]. This value should be used in future discussions of ionic bonding 
involving OH-. 
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Table 5.1 The determined magnetic hyperfine parameters for 63Cu(I=3/2). All 
units are in cm-1. 
Parameter a bF c d 
Ref. 63 (Pred.) 0.030 0.083 0.0064 0.0127 
Ref. 63 (Exp.) 0.0255(43) 0.1304(67) 0.0064(fixed) -0.0555(66) 
Present work 0.0020(2) 0.103(6) 0.0064(fixed) -0.025(6) 
 
Table 5.2 The electric dipole moments of CuF (in debye, D) [43]. 
 State 
Method X1Σ+ b3Π 
Experimenta 5.26(2) 2.36(2) 
MRCI/5Zb 5.92 2.73 
C-MRCI+DKH2/C5Zb 5.59  
C-RCCSD(T)+DKH2/C5Zb 5.33 2.53 
DFT-PBEc 4.44  
DFT-PBE- CCSD(T)c 5.28  
a The present study. 
b Ref. 65 using the finite-field method. 
c Ref. 64 using the finite-field method. 
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Table 5.3 The electric dipole moment of CuOH (in Debye, D) [62]. 
Method 
AX ′1~ (000) AB ′′1~ (000) 
 μtotal μa μtotal μa 
Experimenta  3.968(32)  < 0.3 
CASSCFb 5.315 5.240   
SDCI(2)c 5.405 5.303   
DK3-CCSD(T)d 4.118 4.045   
QZVPP 
(CCSDT-3)e 
3.981    
cc-PVTZ EOM-  
 CCSDT-3f 
3.987  1.363  
 
a The present study. 
b Reference 67. 
c Reference 68. 
d Reference 69 using the highest level of electron correlation method. 
e Reference 70 using the highest level of electron correlation method for the AX ′1~  
state. 
f Reference 70 using the highest level of electron correlation method for the 
AB ′′1~ state. 
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Table 5.4 The relationship of the reduced dipole moments and the ligand 
electronegativities. The electric dipole moments, bonds lengths, reduced electric 
dipole moments for the ground state of copper-containing molecules and 
electronegativies for different ligands are listed. 
 X1Σ+(CuF) 2 3/2X Π (CuO) AX ′1~ (CuOH) 2 3/2X Π ( CuS)
( )el Dμ  5.26(2) 4.57(3) ~3.968 4.31(15) 
er ( Å) 1.745 1.724 1.769 2.051 
/el erμ (D/ Å) 3.01 2.65 2.24 2.10 
Electronegativity 
for ligands[73] 
3.98 3.44 2.68~3.97a 2.58 
aRef. 74 
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Figure 5.1 The diagram illustrating the change of permanent electric dipole  
moment upon excitation from 1X A '(000)%  state to 1B A"(000)% .The parameters 
 for the geometry of CuOH is from ref. 66. 
 
 
Figure 5.2 The diagram illustrating the relationship of the electronegativity for the 
ligand (F, O, S) and the reduced dipole moment, μel/re, for CuS, CuO and CuF.  
The electronegativity of OH is predicted with the known reduced dipole moment 
for CuOH. 
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Chapter 6 
SPECTROSCOPY OF MOLECULES IN SUPPORT OF PARTICLE PHYSICS 
6.1 Introduction 
  As described in Chapter 1, investigation of the electron electric dipole moment 
(eEDM) requires large electric fields acting on the electron to produce a 
measurable signal. It is advantageous to use heavy polar molecules with a 3Δ1 state, 
which is designated using the term symbol 2 1S + ΩΛ  in the Hund's case (a) basis, 
to search for the eEDM [25, 29]. In addition to the essential requirement of large 
internal electric field, large molecular electric dipole moments (on the order of 5 
D), small magnetic dipole moment (geff < 0.1), and small energy splitting between 
even- and odd-parity branches (Ω-doublet) are also important. Heavy polar 
molecules with a 3Δ1 state meet all these requirements. The 3Δ1 states for WC and 
ThO arises from a …σ(s)1δ(d)1 configuration. There are two unpaired electrons. 
The one in the σ orbital can penetrate close to the heavy atom's nucleus since it has 
no orbital angular momentum about the molecular axis. Thus, the relativistic 
effects are large. This is why the previous work uses molecules with 2Σ [21] or 3Σ 
[75, 76] states. The other unpaired electron in WC and ThO is in a δ orbital, which 
allows for small Ω-doubling since in general a large quantum number Λ (i.e. Λ=2) 
leads to a small Ω-doubling. A large electric dipole moment is easy to achieve for a 
heavy polar molecule. For the magnetic dipole moment in a good Hund's case (a) 
62 
3Δ1 state ( 2, 1Λ = Σ = − and 1Ω = ), the effective g-factor is given 
by ( )eff L Sg g g≅ Ω Λ + Σ . It is nearly zero because 1Lg ≈ , and 2.002Sg ≈ . There are 
several heavy polar molecules with 3Δ1 state proposed to search for the eEDM, 
such as WC [26, 27], HfF+[25, 28], ThF+[29] and ThO [29, 30, 31].  
  Here a high resolution spectroscopic study of ThO and WC has been performed. 
The details of the work on the Stark effect of ThO are presented in Appendix E 
[77]. All the works on WC are detailed in Appendix F [78], G [79] and H [80]. 
There are four isotopic forms of tungsten: 182W(26.3%), 183W(14.3%), 184W(30.1%) 
and 186W(28.6%) and two stable isotopic forms of carbon: 12C(99%), 13C(1%). In 
my study, the 13C source is isotopic enriched methane (13CH4). The isotopologues 
183W12C and W13C have a nuclear spin, I of 1/2 from 183W or 13C. The 
experimental spectroscopic constants (i.e. permanent electric dipole moment and 
magnetic dipole moment, Ω-doubling) for WC are determined from the the 
analysis of spectra with zero-field and in the presence of a static electric field (or 
magnetic field). The hyperfine interactions for the isotopologues 183W12C and 
186W13C are also investigated.  
6.2 Conclusions from the ThO study 
   Appendix E is my published work on the Stark effect in the E(0+)– X1Σ+ 
(1,0)band of thorium monoxide, ThO. The permanent electric dipole moment, μel, 
for the E(0+) (v=1) and X1Σ+(v=0) states of ThO were determined to be 3.534(10) 
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D and 2.782(12) D, respectively, from the analysis of the Stark spectra. This is the 
first experimental determined values for μel. They were compared with the 
theoretical predictions [81, 82]. Calculations in Ref. 81 predict values, μel, of 3.9 
and 5.4 D for the X1Σ+ and H3Δ states using the complete active space 
self-consistent field (CASSCF) method. An accurate ab initio calculation [82] 
predicts the electric dipole moment, μel, for X1Σ+ state to be 2.93D, which is much 
closer to the experimental value than the early prediction (=3.9 D) [81]. The 
increase of the dipole moment from the ground state to the excited state is due to 
the promotion of an electron in the 7s/p hybrid orbital (Th2+(7s2)O2-) to 6d orbital 
(Th2+(7s6d)O2-) [83], because 7s/p orbital is pointing away from the Th-O bond, 
whereas the 6d orbital is centrally located on Th. The electric dipole moment, μel , 
of the H3Δ state, which is the state of interest for eEDM measurement, can be 
estimated using the valve for the E(0+) state because they have the same electronic 
configuration [83]: Th2+(7s6d)O2-. 
6.3 Conclusions from the WC study 
  The [17.6]2← X3Δ1 (1, 0) band of tungsten monocarbide (W12C and W13C) was 
recorded using laser induced fluorescence both field-free and in the presence of a 
static electric field (or magnetic electric field). The field-free, Stark, and Zeeman 
spectra were analyzed to determine the hyperfine parameters (Appendix F and H), 
permanent electric dipole moments, μel (Appendix F) and magnetic g-factors 
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(Appendix G). The X3Δ1 state arises from the ..14σ28π415σ24δ(5d)16σ(6s) 
configuration and the [17.6]2 state assigned, which is most probably a 3Φ2  state, 
was proposed to be  arising from ..14σ28π315σ24δ(5d)16σ2(6s) configuration [84]. 
Both the 183W12C (I(183W)=1/2) and W13C (I(13C)=1/2) spectral features have a 
doubling structure, which results from the magnetic hyperfine interaction. The 
nearly identical splitting of the R(3), Q(3) and P(3) branch features shows that the 
magnetic hyperfine interaction from I(183W)(=1/2) is limited to the X3Δ1 state. 
Assuming the the unpaired electrons in the X3Δ1 state are pure W-centered, the 16σ 
orbital is determined to be a mixture of 82% 6s and 18% 6p. Similarly, the nearly 
identical splitting of R(2), Q(3) and P(4) shows that the magnetic hyperfine 
interaction from I(13C)(=1/2) is limited to the [17.6]2 state. This also confirms the 
assumption that the unpaired electrons in the X3Δ1 state are pure W-centered orbital. 
The 8π orbital is determined to be a mixture of 61.3% 2p orbital in C and 38.7% 5d 
orbital in W.  
   The permanent electric dipole moments, μel, are determined to be 3.90(4) and 
2.57(4) D for the X3Δ1 (v=0) and [17.6]2 (v=1) states, respectively. The 
experimental value for X3Δ1 (v=0) state is compared with the theoretical 
predictions [85, 86]. The density functional theory (DFT) predictions of μel for the 
ground state of WC give values ranging from 4.016 to 5.185 D [85]. A value of 
4.211 D is predicted using the complete active space self-consistent field 
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(CASSCF) and first order plus multi-reference (FO+MR) configuration interaction 
(CI) method [86]. The closest value (=4.016 D) to the experimental result is 
predicted by the scalar relativistic (SR) DFT method using the SVWN functional. 
There is no calculation for μel of the [17.6]2 state. The reduction of the electric 
dipole moments is due to the promotion of one electron in 8π orbital to16σ orbital 
pointing away from the W-C bond.  
   Now turning to the Zeeman results, the geff-factors (=gLΛ+gSΣ) are determined 
to be +0.022 and ~1.0 for the X3Δ1 (v=0) and [17.6]2 (v=1) states, respectively. The 
determined value (~1.0) of gel([17.6]2) is consistent with the previous assignment 
3Φ2 [84] (Λ=3, Σ=−1, Ω=2, gL=1.0, gS=2.002 → gel   1.0). geff(X3Δ1) (=+0.022) 
differs significantly from the predicted values of 0.24 (=gJ=1×2) [26]. The Stark 
and Zeeman tuning rates will assist to design the future eEDM experiment. 
  Now turning to the PPMODR results, first, the Ω-doubling parameters, Δo~ , are 
determined to be 0.385(13) and 0.400(13) MHz for 186W12C and 184W12C from the 
analysis the pure rotational spectra recorded using pump/probe microwave optical 
double resonance technique (Appendix H). This differs significantly from the 
prediction of ~1 kHz [26]. The second interesting facet of the PPMODR study is 
the observation that the electric dipole (e/f ↔ e/f) and magnetic dipole (e/f ↔ f/e) 
transitions have comparable intensity. This is possibly due to the high microwave 
power (~10 mW) and long interaction time (~30 μs), which were used. In an 
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attempt to prove this, the X3Δ1 state (v=0) 1 2J J= → =  pure rotational spectrum 
for 186W12C has been recently re-recorded with much lower microwave power (< 
1mW). The assigned magnetic dipole allowed transitions (e/f ↔ f/e) are not 
observed under the low power condition, which confirms that high microwave 
power leads to observation of the weak magnetic dipole allowed transition.  
  To have nearly identical intensity for electric dipole and magnetic dipole 
transition, 1Rabitω ≥ , where Rabiω  (= 2 el Eh
πμ  or 2 m B
h
πμ )is the Rabi frequency 
that molecules jump between the ground and excited states and t is the transit time 
(~30μs) that molecules pass through microwave radiation region. The electric 
dipole moment, μel, and the magnetic dipole moment, μm (= eff Bg μ× ), has been 
determined to be 1.30×10-29 C m (=3.90 D) and 2.04×10-25 J/T (=0.022×μB). The 
electric field, E and magnetic field, B are given by the following expressions: 
                          
0
2E ρε=                         (6.1), 
                          P
S c
ρ = ×                         (6.2), 
                           EB
c
=                            (6.3). 
S is the area of the interaction region (~1.0 cm2) and P is the microwave power 
(~10mW). The energy density ρ is calculated to be around 3.3×10-7 J/m3. Then the 
electric field, E and magnetic field B are 273.0 V/m and 9.1×10-7 T. Thus, Rabitω  
for the electric dipole transition is around 1009 (>>1) and for the magnetic dipole 
transition is around 0.018 (<<1). The magnetic dipole transition should be much 
67 
weaker than the electric dipole transition, even under the operating conditions.  
   Another possible explanation of the observed magnetic dipole allowed 
transitions (e/f ↔ f/e) is that stray electric fields are mixing of the Ω-doublet levels. 
A 2×2 matrix is constructed in a Hund's case (a) limit basis set for rotational level 
J=1. The Stark mixing were modeled using the expression given by degenerate 
perturbation theory. The four matrix elements are as follows: 
        12 21
( ) ( / )( ) 0.50348
( 1)
JD E V cm MH H MHz
J J
μ Ω= = ×+    (6.4), 
        11 ( 1) ( 1)H B J J o J JΔ= × + + × +%                   (6.5), 
        22 ( 1) ( 1)H B J J o J JΔ= × + − × +%                   (6.6). 
The parameters are taken from Appendix F and H. The eigenvalues and 
eigenvectors for J=1 of X3Δ1 state by diagonalizing the 2×2 matrix. It turns out that 
only 0.1V/cm stray electric field will make Rabitω for the magnetic dipole transition 
larger than 1. Hence, the intensity of the magnetic dipole transitions can be 
comparable to that of the electric dipole transition, when the stray electric fields 
are considered.  
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Chapter 7 
CONSTRUCTION AND IMPLEMENTATION OF REMPI-TOFMS 
7.1 Motivation and abstract 
   A resonance-enhanced multi-photon photoionization (REMPI) followed by 
time-of-flight (TOF) mass spectrometer has been successfully constructed. This 
system was designed to unambiguously identify molecules responsible for 
electronic transition observed in the laser-induced fluorescence spectrometer. 
Titanium oxides, TimOn, were used to test this system. The multi-photon ionization 
mass spectra of Ti+5%O2/He products were recorded and compared with that from 
Prof. J. Maier's group (Basel University). Furthermore, the mass-selected REMPI 
spectra of 48Ti16O were recorded in the 14010- 15000 cm-1 range using a two-color 
excitation scheme. The future work with this system is to fulfill the initial purpose, 
which is to identify the unknown band systems for specific molecule observed by 
the high-resolution spectrometer. This system will also be used to search for 
electronic transitions of new metal-containing molecules.  
7.2 Introduction 
   A long standing challenge in our laboratory has been to identify what we 
observe in laser induced fluorescence (LIF) spectrometer. The observed LIF 
spectra result from exciting molecules from one electronic state (mostly the ground 
state) to another electronic state and detecting the fluorescence. However, the 
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target molecule is generated by laser ablation/supersonic expansion and is always 
part of a mixture of molecules. Take titanium monoxide, TiO, as an example. TiO 
is generated by laser-ablated titanium atoms in the gas-phase reacting with the 
oxygen seeded in helium. The production contains TimOn with various values m 
and n. If other titanium oxides have the electronic transition of similar strength of 
the target molecule (TiO), the observed LIF spectrum contains spectroscopic 
information for all of them. Consequently, the analysis of the spectrum becomes 
much more challenging. It is difficult to assign overlapped spectra resulting from 
many molecules. Two or even more molecules in the same transition range with 
similar intensity are almost impossible to unambiguously assign. REMPI, 
combined with TOF mass spectrometer, is an ideal system to solve this problem.  
    Understanding the term "REMPI" requires to know "resonance-enhanced 
(RE)" and "multi-photon ionization (MPI)". The concept of "MPI" [ 87 ] is 
straightforward. Since a sufficiently intense radiation field can drive multi-photon 
transition for atoms and molecules, the atoms and molecules are ionized after 
absorbing multiple photons. The multi-photon transition is intrinsically weak and a 
resonance condition will greatly enhanced the transition probability. This is what 
"RE" means. The transition probability (≡σIN) relies upon the cross sections, σ, 
and the light fluxes, I. The cross sections for multi-photon ionization are in the 
range of 10-50cm4sec for two-photon absorption and 10-82 cm6sec2 for three-photon 
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absorption [88, 89]. They are much smaller compared to that of the single photon 
resonance absorption (σ=10-18cm2) [88, 89]. The intrinsic weakness of small 
multi-photon transition probability is compensated by the use of intense laser 
pulses [90], which can provide a very high light fluxes, I. A typical modern pulsed 
dye laser with power of 1015 photons per pulse (each pulse lasts around 10-8 sec). 
Considering that the focal spot is around 3×10-4 cm2, the transition probability for a 
two-photon absorption is around 10-1 (=
15
50 2
8 4
1010 ( )
10 3 10
−
− −× × ×  
810−× ) (i.e. ~10% 
probability). The single photon absorption is saturated, while the three-photon 
absorption is still improbable for these conditions. A recent review [89] about 
molecular multi-photon spectroscopy summarized many variants of multi-photon 
spectroscopy experiments and focused on studies of multi-photon excitations of 
isolated gas-phase molecules. In addition to obtaining the structure of the REMPI 
spectra, the photoelectrons formed in the REMPI process also carry information 
related to the resonant excited state. The kinetic energy of the photoelectrons can 
be measured as the conventional photoelectron spectroscopy (PES). So the REMPI 
technique can be combined with the PES, which is so called REMPI-PES 
experiment [91, 92, 93]. These studies provide understanding of the molecular 
structure and give insight into the excited electronic states. 
 
   Time of flight (TOF) mass spectrometer [94, 95] is used to separate the 
molecular ions by different transit time in a drift tube. First, an electric field 
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accelerates the ions into the field-free drift tube region. All ions have the kinetic 
energy (K.E.) of qV ( 21
2
mv= ), where m is the molecular mass, q is the ion charge, 
V is the applied voltage and v is the speed of the ions arriving at the drift tube. The 
ions will pass through the drift tube with constant speed v. Assuming the drift tube 
has length, L, the transit time, t through the drift tube is L/v. Then 
2
L mt
qV
=
                        
 (7.1). 
Equation 7.1 shows that ions are separated with different mass-to-charge ratio, m/q. 
If the transit time and mass-to-charge ratio for one ion (t1,m1/q1) is already known, 
the mass-to-charge ratio of the unknown ions can be calculated by  
2 1 2
2 1 1
m m t
q q t
= ×                         (7.2). 
    A combination of the TOF with REMPI is able to separate the overlapped 
spectra for neutral molecule with different mass. This will simplify the analysis of 
the complicated spectra greatly comparing with the LIF detection technique. The 
TiO2 study is a good example. The low-resolution LIF and REMPI spectra are 
presented in Figure 7.1. The low-resolution LIF spectrum [96] in the portion (C) 
contains both TiO2 and TiO bands. One would never know that the bands near 
17960cm-1 and 18655 cm-1 are actually overlapped transitions of TiO and TiO2 
without a comparison with the mass selected REMPI spectrum. This is why they 
are more intense than predicted. The mass spectrum in Figure 7.2 was recorded by 
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Prof. J. Maier's group (Basel University). It presents the mass spectrum of 
molecules generated by laser ablation/supersonic expansion (Ti+5%O2/Ar) with 
157nm ionization laser. Below the spectrometer I constructed is described. We are 
able to record the mass and REMPI spectrum in our lab (Figure 7.3 and Figure 
7.4). 
7.3 Construction 
    Figure 7.5 is the schematic diagram of the REMPI-TOF mass spectrometer. 
The REMPI-TOFMS system includes three parts: a molecular source chamber, an 
ionization chamber, and a detection chamber. The ionization and detection 
chambers are separated by a flight tube of ~1.0 m. The molecular source chamber 
has a roughing pump and a 6” diffusion pump and the pressure is < 1×10-6 torr 
under no load. The ionization chamber has a roughing pump and a turbo-molecular 
pump and the pressure is also <1×10-6 torr. The detection chamber has smaller 
volume than the ionization chamber and it has the same pumping system as the 
ionization chamber. The pressure is <1×10-7 torr. The molecular beam is produced 
by laser ablation source/supersonic expansion (See Chapter 3). Behind the 
commercial skimmer that separates the source and ionization chambers, is a pair of 
deflecting plates. A voltage of ~±200V is applied to the plates to remove ions 
produced in the ablation source. The TOF mass spectrometer (Figure 7.6) includes 
three plates and a drift tube, which is the original design Wiley and McLaren 
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proposed [97]. There are two acceleration regions separated by grid and a drift 
region. When the molecular beam travels to the center region of the ion extraction 
plate, the molecules are ionized by the combination of two laser beams. One is the 
pulsed dye laser beam tuned on resonance (E=1.5-2.5eV) and counter propagated 
along the molecular beam. The other laser is the ArF excimer laser (193nm, 
6.42eV), which acrosses the molecular beam by 90o. The ion extraction plate turns 
the direction of the ions by 90o relative to the molecular beam. The centers of the 
ion acceleration plate and the ground plate have a nickel metal mesh structure for 
ions to pass through. There is a pair of deflecting plates with ~±200V to 
compensate for the kinetic energy of the ions from their molecular beam neutral 
precursors behind the ground plate. For REMPI-TOFMS system, it was found that 
helium is better than argon as a carrier gas since helium has higher speed after the 
supersonic expansion. Accordingly, the voltage applied to the deflecting plates in 
the flight tube can be larger. This directs ions produced from the fast moving 
molecular beam to the detecting plates over these from non-moving background 
gas. The dual micro-channel plate (MCP) detects the ions. The current signal from 
MCP is converted to voltage signal by a fast preamplifier. The voltage is read by a 
scope-card (NI PXI/PCI-5114) inserting in the back panel of the computer. To 
protect the micro-channel plates, current limiting resistors are placed on the output 
of the power supply. 
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  A virtual program using graphical programming language, LabVIEW, has been 
developed for the REMPI-TOF mass spectrometer. All the spectra are recorded 
based on LabVIEW 2009 programming (through Microsoft Windows). The front 
panels of the LabVIEW programs are shown in Figure 7.7, and 7.8. The DTA 
board (DT 9824 series) sends out a clock to trigger the pulse/delay generator (BNC, 
Model 555) under computer control. The pulse delay generator sends triggers to 
the pulsed valve, Nd:YAG ablation laser, stepper motor, ionization laser (EX5 
excimer laser) and excitation laser (Sirah Cobra-Stretch pulsed dye laser pumped 
by Quanta-Ray Nd:YAG laser). The first three pulses are related to the molecular 
production and the last two are related to the ion production. Except for the stepper 
motor, the time delay between all of the pulses is critical for optimization of the 
final ion signal. The main command buttons in the front panel (Figure 7.7) and 
their functions are displayed in Table 7.1. Figure 7.9 is the screen of instruction, 
which shows how to operate the system to record the mass and REMPI spectrum. 
Figure 7.10 is the screen for mass spectra recording, which contains three plot 
windows: average signal with time, summed up signal with time and single scan 
signal with time. The plot with time as horizontal axis and MCP signal as vertical 
axis is updated every average cycle. The number of average can only be set in the 
main front panel. Click "Finish" to go back to the main front panel. The mass 
spectra are presented in both time scale and mass scale. The spectrum in mass scale 
75 
is obtained basing on a "Conversion Factor" derived from Equation 7.1. The 
conversion factor is calculated with the known mass and transit time for a 
molecule. For example, the Ti+ with atomic mass of 48 has a transit time 7.43μs, 
when the voltage applied to the lowest plate is around 3451V. Therefore, the 
conversion factor is 62.74(≡ 3451 7.40
48
qV t
m
= × ). In this case, the ion has only 
one charge number. The transit time of 8.54μs is corresponding to the 
mass-to-charge ratio of 64 (= 2
3451
(62.74 / 8.54)
), which is TiO+ or Ti2O22+. The 
production of the doubly charged ions is very unlikely at a moderate laser powers 
used. The REMPI spectra of different molecules can be recorded simultaneously 
by setting multiple mass channels. The cursor in the TOF spectrum can be dragged 
and it gives the start time and end time for each of the mass channels. 
7.4 REMPI-TOF mass spectrometer test results  
   Titantium oxides, TimOn, have been used to test the REMPI-TOF mass 
spectrometer. TimOn molecules were produced by laser ablation/supersonic 
expansion (See Chapter 3). A titanium rod was used as the metal source and the 
reagent is 5% O2 with helium as the carrier gas. In the mass spectrometer, the 
lowest plate (repeller) was applied around 3451V and the voltage applied on 
middle plate (acceleration) was smaller (~2824V). The highest plate was grounded 
to produce large potential difference. The mass spectrum was recorded by 
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non-resonant multi-photon ionization by the high energy excimer laser and the 
REMPI spectrum of TiO was recorded by scanning the tunable pulsed dye laser. 
Both the pulsed dye laser and the excimer laser have pulse duration of around 30 
ns. 
   There are five stable isotopes for titanium: 46Ti (8.25%), 47Ti (7.44%), 48Ti 
(73.72%), 49Ti(5.41%), 50Ti(5.18%). The multi-photon ionization TOF mass 
spectrum of the titanium containing molecules is presented in Figure 7.3. Ti, TiO, 
TiO2, Ti2O2, and Ti2O3 are observed. The Ti and TiO ion signals are much stronger 
than the other molecules. The relative ratio of all molecules depends upon 
operating conditions (i.e. ablation power, etc). Five isotopic features are clearly 
resolved. The ion signals for TiO2, Ti2O2, and Ti2O3 are much weaker and only the 
most abundant isotopologues are observed. The mass spectra of titanium 
containing molecules in Figure 7.2 are from Prof. J. Maier's group, which excludes 
Ti and TiO because the ion signals of them are too strong. It is obvious that the 
Basel's spectrometer has much higher sensitivity than my current spectrometer. 
More molecules are observed and even the relative weaker ones have the five 
isotopes resolved. One of the reasons for Basel's higher sensitivity is that the 
ionization laser is different. They used a F2 excimer laser (157 nm, 7.90 eV/photon) 
as the ionization laser, which is more energetic than the ArF excimer laser (193 nm, 
6.42 eV/photon) in our lab. The ArF excimer laser was chosen instead of F2 
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excimer laser for two reasons. First, the 157 nm light is hard to handle since it is 
strongly absorbed by oxygen molecules and water vapor. A continuing flowing 
nitrogen system or a vacuum system is required the beam path. The second reason 
is that the energy of 7.90 eV/photon is higher than the ionization potential (I.P.) of 
some metal containing molecules like YO (I.P. 6.11eV). This leads to 
single-photon ionization for such molecules, which makes detecting the 
resonance-enhanced process impossible.  
   The sensitivity for my system can be improved by modifying the following 
parts: a) the molecular source; b) the mass spectrometer. The ion signal depends on 
how many molecules are produced in the molecular beam. The molecular 
production depends on several factors, such as the concentration the oxygen in 
helium, the backing pressure, the power of the ablation laser and the length of the 
gas channel. For the mass spectrometer, the length of the drift tube and the voltage 
applied can be modified. Currently, the voltage is applied continually, which can 
be changed to a pulsed voltage. This will reduce the ion signal from the 
background and improve the signal to noise.  
  The resonance- enhanced multi-photon ionization spectrum of A3Φ2-X3Δ1 for 
48TiO was presented in Figure 7.4. This band has been well studied by our group in 
the past using LIF [96]. The success of obtaining this spectrum signifies that this 
system is ready to study the unknown band systems for different molecules, 
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although modifications to improve the sensitivity are required. 
7.5 Future work 
   Obviously, molecules for which there is little or no spectroscopic information 
should be studied by the current REMPI-TOF system, such as thorium-containing 
molecules (i.e. ThS and ThC). These molecules are candidates for the 
determination of the electron electronic dipole moment (eEDM) (See Chapter 6). 
There is a matrix isolation study for ThS [98]. The X1Σ+state ωe was determined to 
be 462 cm-1 and the 3Δ state was predicted to be 770 cm-1 above the ground state by 
DFT methods. Another DFT calculation [99] also predicts a 1Σ+ ground state with 
ωe ≈500 cm-1. There are no gas-phase or matrix isolation spectroscopic studies 
involving ThC. The electronic transitions for these molecules can be searched with 
the current REMPI-TOF system. 
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Figure 7.1 A comparison of the LIF spectrum and REMPI spectrum for TiO2. The 
intensity in bands of 17960cm-1 and 18655cm-1 is not consistent with the 
prediction because the TiO also has transition in the region [96]. 
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Figure 7.2 Prof. J. Maier’s group results for the MPI TOF mass spectrum of 
molecules generated by laser ablation/supersonic expansion (Ti+5%O2/Ar). The 
molecules are ionized by 157nm excimer laser radiation. 
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Figure 7.3 Present results for the MPI TOF mass spectra of molecules generated 
by laser ablation/supersonic expansion (Ti+5%O2/He). The molecules are ionized 
by 193nm excimer laser radiation.  
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Figure 7.4 The R2PI spectrum for A3Φ2-X3Δ1 band system of 48Ti16O. It is 
recorded by monitoring 48Ti16O+ signal. The neutral molecule (TiO) is excited 
from the X state to A state by a pulsed dye laser and then ionized by 193nm 
excimer laser.  
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Figure 7.5 A schematic diagram of the REMPI-TOF experimental.  Molecular 
beam (MB); Tunable resonance enhanced laser radiation beam (RLB); Ionization 
laser beam (ILB); Ions extraction plate (IEP); Ions acceleration plate (IAP); Dual 
micro-channel plates (DMCP). 
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Figure 7.6 Time of flight (TOF) mass spectrometer designed by Wiley and 
McLaren [97]. 
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Figure 7.7 Front panel of LabVIEW program designed to record the TOF signal. 
 
 
 
 
Figure 7.8 Front panel of LabVIEW program designed to record the REMPI 
signal. 
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Figure 7.9 The instructions for the REMPI-TOFMS data collection. 
 
 
 
 
Figure 7.10 The mass spectrum recording screen. 
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Table 7.1 The main command buttons and their functions in the front panel. 
 
Command button Functions 
Instruction Pop up a new screen about introductions to operate the program and click "Done" to close the 
screen 
Stark Uclk DTA board starts to send out a clock trigger at a frequency of 20Hz 
End Uclk DTA board stops to send out a clock trigger at a frequency of 20Hz 
Get Mass spectra Pop up a new screen, which shows the mass spectra. Click "finish" to close the screen. 
Save Mass spectra Save the data of mass spectra with both transit time and the converted mass. 
Print Mass spectra Print the mass spectra in time scale or mass scale
Scan/goto Select to scan the pulsed dye laser or go to a specific wavelength 
Start (Scan/Goto) Start to scan the laser or go to a specific wavelength 
Pause/Continue Pause or continue during a scan  
STOP SCAN Stop to scan the dye laser 
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APPENDIX A 
MATRIX ELEMENTS OF THE HAMILTONIANS EVALUATED IN A CASE 
(a) BASIS SET FOR DIATOMIC MOLECULES WITH ONE NUCLEAR SPIN 
J.M.Brown, I. Kopp, C. Malmberg and B. Rydh, Physica Scripta 17, 55(1978). 
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(1) Matrix elements for spin-orbit interaction, ˆ soH : 
ˆ
soS J IF H S J IF A         . 
(2) Matrix elements for spin-spin interaction, ˆ ssH : 
22ˆ [3 ( 1)]
3
ssS J IF H S J IF S S            . 
(3) Matrix elements for spin-rotation interaction, ˆ srH : 
2 1
' '
1
ˆ' '
[ ( 1)] ( 1) 1 1 ,
1 ' ';
1 1
1 ;
' '
1 ( 1)(2 1) ( 1)(2 1).
sr
phase
q
S J IF H S J IF
S S threeJ par with
phase J S
J J S S
threeJ
q q
par J J J S S S
 
     

     
 
         
 
   
  
   
     
    

 
(4) Matrix elements for the rotation, ˆ rotH : 
1
' '
1
2 2 2 2
ˆ' '
1 2 ( 1) 1 2 ,
1 ( 1) ( 1) ;
1 ' ';
1 1
1 ;
' '
2 ( 1)(2 1) ( 1)(2 1).
rot
phase
q
x y
S J IF H S J IF
B par threeJ par with
par J J S S L L
phase J S
J J S S
threeJ
q q
par J J J S S S
 
    

     
 
      
 
       
   
  
   
     
    

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(5) Matrix elements for the centrifugal distortion, ˆ CDH : 
1
' '
1
1 "
2 2 2
2 2
ˆ' '
1 2 ( 1) 2 3 4 ,
1 1 4 1 2
1 [ ( 1) ( 1) ] ;
1 1
1 ;
" "
2 ( 1)(2 1
   

 
     
 
        
 
  
     
   
    
      
  


cd
phase
q
q
S J IF H S J IF
D term threeJ par par with
term par threeJ par
par J J S S
J J S S
threeJ
q q
par J J J
 
 
2 2 2 2
) ( 1)(2 1);
1 ' ';
1 1
2 ;
' '
3 ( 1)(2 1) ( 1)(2 1);
4 2 ( 1) ( ') 2 ( 1) ( ') .
 
   
  
   
     
    
         
S S S
phase J S
J J S S
threeJ
q q
par J J J S S S
par J J S S
 
(6) Matrix elements for the -doubling, ˆ LDH :
 
 ', 2 ' '
1
1
"
2
3
"
ˆ' ' '
( ) 1 ( 2 ) 2 3 ,
1 ( 1) 1 1;
2 ( 1) 2 2;
3 ( 1) 3 3;
1 ( ') ( ")
LD
q
phase
phase
phase
S J IF H S J IF
o p q term p q term q term with
term threeJ par
term threeJ par
term threeJ par
phase S S
t
 
       



     
        
   
   
   
   



1 1
1 ;
' " "
1 ( 1)(2 1);
2 ( ') ( ');
1 1
2 ;
' '
2 ( 1)(2 1) ( 1)(2 1);
3 ( ') ( ");
1 1
3
' " "
S S S S
hreeJ
q q
par S S S
phase J S
J J S S
threeJ
q q
par J J J S S S
phase J J
J J J J
threeJ
q q
  
   
     
  
   
  
   
      
    
   
 
  
      
;
3 ( 1)(2 1).par J J J

 

    
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(7) Matrix elements for the magnetic hyperfine interaction, ˆ mhyfH : 
' '
'
' '
'
ˆ' ' ' '
1 ( 1) 1 [ 2 3 4] 5,
1 ( 1) 1 ;
1 '
2 ;
1
3 ( 1) ( 1)(2 1);
'
4
hfs
J
F
q
J I F
S
S J IF H S J IF
term threeJ a term b term c term d term with
F J I
term par
I J
term
S S
term S S S
q
term
 

 

 
 
   

     
 
            
 
 
    
 
 
 
     
  


( ')
1
', 2
1
1 1 2 130
( 1) ( 1)(2 1);
' " 03
1
5 ( 1) 1 1 ( 1)(2 1);
1 ' '
1 ( ) ( ' ') ( ');
1 ( 1)(2 1)(2 ' 1)(2 1
q S
phase
q
S S
S S S
q q q
F J I S S
term par threeJ S S S
I J q
phase J I F J q S
par I I I J J

 
 

  
    
    
  
         
   
       
    

).
' 1
1 ;
'
J J
threeJ
q
 
  
     
(8) Matrix elements for the electric quadrupole interaction, ˆ QH :
 
0 2
1
'
' '
' '
', 2
ˆ' ' '
1
1 ( 2 3),
2
2
1 ( 1) (2 ' 1)(2 1);
0 2 '
' 21
2 ( 1) ;
02
' 21
3 ( 1)
'2 6
Q
J I F
J
J
q
S J IF H S J IF
term eQq term eQq term with
I I F J I
term J J
I I I J
J J
term
J J
term
q
 
 


 

   

 

     
     
   
     
   
 
   
  
 
   
   2
.
 
(9) Matrix elements for the electric dipole operator, ˆ :
 
1
' ' ' 1
'
' ' 1
ˆ' ' ' ' ' ' ' ( )
' 1
( 1) ( 1) (2 ' 1)(2 1)
'
' ' ' 1
( 1) (2 ' 1)(2 1) ' ( )
1
F
F p F
F M J I F
F F
J
q
q
S J IF M T S J IFM
F F
F F term
M Mp
I J F J J
term J J T
F J q
  

  
   
 

     
 
       
 
   
        
    

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